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EDITORS’ PREFACE 

M2D2017 is the seventh international gathering of a prestigious series of conferences 
coordinated by the International Scientific Committee of Mechanics and Materials in Design. 
This series of conferences is wholy devoted to advances in mechanics, materials, structural 
integrity and design. M2D2017 is sponsored by the University of Porto, the University of 
Toronto and the University of Algarve. The conference attracted over 230 participants with 
360 accepted submissions from 40 countries out of 416 submissions. These papers were 
presented in June 11-15, 2017 in the magnificent city of Albufeira/Algarve, Portugal. The 
conference themes which address novel and advanced topics in Mechanics and Materials in 
Design focused on computational mechanics, experimental mechanics, fatigue and fracture 
mechanics, composite and advanced materials, nanotechnologies and nanomaterials, tribology 
and surface engineering, mechanical design and prototyping, biomechanical applications, civil 
engineering applications, impact ant crashworthiness, energy and thermo-fluid systems, and 
industrial engineering and management. 

The conference also included an Open Forum on The Challenges Facing Engineering 
Education, where an expert panel with over 100 years of collective and active researchers and 
educators addressed the roles of professors that they meet, the obligations of their 
stakeholders and current challenges facing engineering education. 

We believe that the meeting offered our delegates a forum for the dissemination of their 
recent work in mechanics and materials and their applications in engineering design, fostered 
research that integrates mechanics and materials in the design process, and promoted 
exchange of ideas and international co-operation among scientists and engineers in this 
important field of engineering.  

We are particularly indebted to the authors and special guests for their presentations. Each of 
the more than 360 contributions offered opportunities for thorough discussions with the 
authors. Particularly, we acknowledge the excellent contributions of the participants, their 
innovative ideas and research directions, the novel modeling and simulation techniques, and 
the invaluable critical discussions. We are also indebted to the outstanding keynote speakers 
who highlighted the conference themes with their contributions. We also take this opportunity 
to thank the members of the International Scientific Committee, the members of the Advisory 
Committee and the reviewers for their time, effort and helpful suggestions.  

We offer our sincere gratitude to the symposia organisers for their efforts and valuable 
contributions to the success of the event, and the local organising committee for attending to 
the conference demands and delegates needs. 

All in all, M2D2017 was a great success and the credit must go to all the participants for their 
significant contributions and lively discussions, the keynote speakers for bridging the gap 
between the different disciplines and the organizing committee for an absolutely superb 
organization of the meeting in this magnificent city. To all of you, we offer our gratitude. 

Given the rapidity with which science is advancing in all areas of mechanics and materials, 
the next conference in this series (Integrity, Reliability and Failure - IRF2018) will take place 
in Lisbon, the capital city of Portugal, in July 2018. Undoubtedly, we expect IRF2018 to be as 
stimulating and interesting as M2D2017, as evidenced by the excellent contributions offered 
in this current event. We look forward to seeing all of you in Lisbon in 2018. 

Shaker A. Meguid and J.F. Silva Gomes 

Albufeira / Portugal, June 2017 
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DESIGN AGAINST FATIGUE FAILURE: CHALLENGES AND 

SOLUTIONS 
 

David Nowell
(*) 

Department of Engineering Science, University of Oxford, Oxford, UK 
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Email: david.nowell@eng.ox.ac.uk  

 
 

ABSTRACT 

This keynote paper will examine why it is much more difficult to design against fatigue than 
against other modes of failure.  Current research will be reviewed, and the ways forward 
discussed, with reference to recently developed modelling approaches and experimental 
capability. 

Keywords: fatigue, safe life, damage tolerance, short cracks, microstructure. 

 

INTRODUCTION 

Components in service can fail by a number of means.  Elastic design against yield is now 
relatively straightforward with the aid of finite element software, and engineering students 
normally learn about yield before the more complex failure mechanisms.  In any case, yield 
on its own does not necessarily lead to a loss of component functionality, which gives an 
inbuilt additional margin in many cases.  More complex is the case of brittle fracture, but this 
can normally be dealt with by suitable application of fracture mechanics.  Leaving aside the 
specialist failure modes of creep and corrosion, which occur under specific environmental 
conditions, this leaves fatigue as a failure mode which must be considered by the engineering 
designer.  It is widely stated that fatigue is the most common cause of failure in service.  
Nishida (1992) examines 242 failure cases and concludes that 77% of them can be attributed 
to fatigue.  Certainly fatigue is a common failure mode, and even apparently mundane 
components or systems can give rise to severe consequences as a result of failure.  For 
example, the Killmore East-Kinglake bushfire in 2009 resulted from the failure of a 22kV 
power distribution line and caused the deaths of 120 people and A$2 billion of property 
damage (Teague et al, 2010).  Similarly, in 2015, fatigue failure of a structural component of 
the Forth Road Bridge caused the closure of the bridge for 19 days, and considerable 
disruption, including a 30 mile detour for all traffic.  Hence, it is clear that design against 
fatigue is more challenging than other modes of failure.  The paper will examine the reasons 
for this, and assess the progress towards more effective design tools 

 

THE FATIGUE PROCESS 

The earliest attempts to characterise the fatigue process took a total life approach (Wöhler, 
1860), where a specimen was subjected to cyclic loading of a constant amplitude, and the life 
(in terms of number of cycles) recorded.  This approach is still used today, and forms the 
basis of the so-called ‘safe-life’ approach to fatigue assessment (Suresh, 1998).  The 
alternative ‘damage tolerant’ procedure has developed over the past fifty years, based on Paul 
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Paris’s observation that the range of stress intensity factor, ∆K, can be used to characterise the 
growth rate of a macroscopic crack (Paris and Erdogan, 1963).  In either case, assessment 
entails the comparison of a crack driving force, calculated from the applied loading, with a 
material response.  A number of difficulties and uncertainties arise; as far as the driving force 
is concerned, we can note the following: 

(i) There may be uncertainty in the loading experienced in practice. 

(ii) The loading may not correspond directly to that of the experiments used to characterise 
the material response.  For example, laboratory experiments are generally carried out 
under constant amplitude uniaxial conditions, whereas components may experience 
multiaxiality and variable amplitude loading. 

(iii) For complex loading conditions, it may not even be apparent what a ‘cycle’ is.  Methods 
such as rainflow counting can help in this respect, but they do not preserve load history 
information. 

In determining the material response, the main difficulty is that of material microstructure.  
Once a crack is of a particular length, the material may be regarded as macroscopically 

isotropic, and bulk parameters such as ∆K are useful in relating experimental observations to 
the practical case.  For smaller cracks, however, the microstructure interacts strongly with the 
crack tip field, leading to the so-called ‘Small Crack Problem’ highlighted by Miller (1986).  
Similarly, the local microstructure is the prime influence on crack nucleation.  Hence, whether 
in a specimen test or in a component, it is likely to be the ‘worst’ microstructure which leads 
to crack nucleation and subsequent propagation.  In effect, the loading is sampling the 
extreme tail of microstructure within the body.  This gives rise to the significant variation in 
life often observed in plane specimen tests where a large volume (or surface area) is subject to 
similar stress levels.  The same scatter is not observed where the stress is very concentrated 
(e.g. in notch fatigue or in fretting).  Here, the region of high stress is sampling a ‘typical’ 
microstructure rather than one from the tail of the distribution. 

Recent advances in crystal plasticity modelling techniques and in experimental methods 
which can examine the interaction of a growing crack with material microstructure offer a 
potential route forward in characterising the nucleation and small crack regime, and these will 
be discussed, together with their implications for design. 
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ABSTRACT 

A single type of energy harvesting device may be too expensive to deploy, but if it can 
operate symbiotically (Slocum, 2014) with another, the combined cost of energy might be 
acceptable.  As an example, consider offshore wind turbines, which hope to use their greater 
capacity factors to compete with land-based turbines; however the structures can become 
prohibitively expensive if they must be placed further offshore to avoid opposition from 
shoreline residents.  To reduce overall costs of energy, this paper will explore adding wave 
energy and uranium-from-seawater harvesting devices to offshore wind turbine structures. 
 

WAVE ENERGY 

With stronger winds, larger turbine sizes, and plenty of space 
versus on-land, offshore floating wind turbines (FWT's) have 
the potential to satisfy significant energy demand with 
renewable power. However, a 5 MW floating wind turbine 
capital cost runs as high as $20.7 million, leading to an energy 
cost of $0.20/kWh, four times that of natural gas. This cost is 
largely driven by the structure's need to withstand large wave 
forces that act on the floating platform. On the positive side, 
wave power is a predictable, constant, and energy-dense 
renewable resource. The energy resource in waves may be as 
high as 50-60 kW/m average annually. Despite these 
promising qualities, electricity from ocean wave energy 
converters (WEC's) is currently much more costly than other 
sources, ranging from $0.28-$1.00/kWh. 27% of a typical 
WEC’s cost due to permitting, electric transmission lines, and 
mooring lines. 37% of a typical WEC's steel is for a 
supporting frame. 

Symbiotically, a WEC could act as a tuned mass damper or ocean wave absorber to reduce 
wave-excited platform motion, allowing the platform and tower to be built with less steel at 
lower cost. In addition, a WEC attached to a floating wind turbine could share permitting, 
transmission, and mooring line costs with the wind turbine, and eliminates much of the WEC 
steel frame. Predictable and robust wave power may then supplement the wind power 
harvested. Several WEC configurations and parameters are considered to reduce the total 
FWT-WEC cost of energy: an internal tuned mass damper or external wave energy converter; 
with hydraulic, Wells turbine, or non-electricity-producing power take-off mechanisms, as 
illustrated in Figure 1.  The wave energy converters can have the power dissipative elements 
at their junction points with the floating wind turbine. The external array (c) can have a Wells 
turbine in the WEC body, exposed to incident waves. 

Fig.1 - OC3-Hywind 5 MW 
floating wind turbine with various 

attached wave energy converters 
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To optimize the combined system, we model the coupled equations of motion for a floating 
wind turbine platform, flexible wind turbine tower, and attached WEC in the frequency 
domain. Using response amplitude operators, we estimate the platform motion, tower stress, 
and WEC power over 20 years in a typical wind-wave environment. We estimate the wave 
energy converter’s cost based on its power capacity, complexity factor, and steel mass. 

 

URANIUM HARVESTING 

Uranium is present in the world’s oceans as dissolved ions at a uniform concentration of 
approximately 3.2 ppm, which, over the total volume of the oceans, amounts to approximately 
4.5 billion metric tons, about 1000 times more than exists in conventional terrestrial uranium 
reserves. Current methods of adsorbing uranium from seawater use chelating polymers, as 
they have been found to be the most promising in terms of cost, adsorption capacity, and 
environmental footprint.  Chelating polymers are submerged in seawater until the amount of 
captured uranium approaches the fiber’s adsorption capacity. Uranium and other elements that 
have bonded to the polymer are then stripped off in an elution bath. This bath process may be 
repeated multiple times before the polymer is regenerated by an alkali wash which frees the 
adsorbent’s functional groups, allowing it to be reused. Finally, the output from the elution 
process undergoes purification and precipitation to produce yellowcake in similar processes 
as mined uranium.  Initial deployment schemes utilized arrays of adsorbent fibers braided into 
buoyant braids and laid out along the ocean floor. However, the periodic retrieval and 
redeployment of the fibers required the use of ships, resulting in an extremely costly system. 
By deploying the adsorbent braids off of an offshore wind turbine, it was estimated that costs 
could be significantly reduced. 

However, in general, uranium-adsorbing materials have inherently low tensile strength and 
durability, posing significant problems for deployment of adsorbent braids in a harsh ocean 
environment. To overcome this, we developed a two-part system utilizing a hard, permeable 
outer structural shell that houses an inner adsorbent, thereby allowing for the decoupling of 

the mechanical and chemical requirements of an 
offshore uranium harvesting system. Figure 2 
depicts one shell design.  This system allows for 
the chemistry of the inner material to be optimized 
for higher adsorbent capacities, while the 
mechanical properties required of the device are 
achieved by the hard, permeable outer structural 
shell. The resulting overall system is more cost-
effective for implementation. In this paper, we 

present the material properties of the outer shell, the adsorbent fiber, and a mooring rope that 
may be used to connect the two into a ball-chain system or net that is then incorporated into a 
machine that works offshore to harvest uranium from seawater.  
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Fig. 2 - Decoupling of mechanical and chemical 
requirements with a tough, outer protective sphere 

encapsulating a soft, inner adsorbent. 
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ABSTRACT 

Surface functions of materials depend on not only chemical components of surface material 
but also nano/micro surface structure. Many researchers challenged to develop new surface 
functions by fabricating nano/micro structures, which we call the Functional Surface. Nano 
plastic forming was developed to achieve high through-put and low cost nano/micro 
machining for development of functional surfaces. Among many examples of functional 
surfaces developed by the nano plastic forming technique, detail of the metal nano dot array is 
discussed. A nano dot array exhibits unique optical characteristics, and is expected for 
application to biosensors.  

Keywords: nano micro manufacturing, metal forming, surface functions, nano dot array, 
plasmon sensor. 

 

INTRODUCTION 

Surface properties of materials depend on not only chemical components of surface material 
but also nano/micro surface structure. Many examples are found in nature such as butterfly 
wings and lotus leaves. Inspired from these examples, many researchers were challenged to 
develop new surface functions by fabricating nano/micro structures, which we call the 
Functional Surface (Yoshino, 2006). Wettability control surface and reflection control surface 
are good examples of functional surfaces (Wenzel, 1936, Cassie and Baxter, 1944). These 
surface functions can be modified by fabricating an array of small protrusions on a material 
surface. In order to fabricate these small surface structures, many researchers usually utilize 
the UV/EB lithography and wet etching processes. However, these methods are not always 
suitable for fabrication of functional surfaces because of its restriction on work materials, 
complexity of process and high facility cost. The authors proposed a new nano manufacturing 
method named the nano plastic forming to address the abovementioned problems (Yoshino, 
2004). Detail of nano plastic forming technique and some examples of functional surfaces 
developed by nano plastic forming is introduce. 

 

NANO PLASTIC FORMING AND FUNCTIONAL SURFACES 

Fig.1 shows (a) a nano plastic forming (hereafter NPF) tester and (b,c) specially designed 
diamond tools developed for experiments. It has computer controlled precision X-Y stages 
and a Z stage. A specimen is mounted on the XY stage, and a diamond tool is mounted on the 
Z stage. By repeating indention of the diamond tool on the specimen, various nano/micro 
surface structures can be fabricated. The complete process of imprinting involving the 
movement of stages and indentation load is controlled by a computer. Figure 2 shows some 
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examples of surface textures fabricated by using NPF technique. (a) is nano dimple array on a 
quartz slide glass, and (b) is nano groove grid on a PMMA plate. (c) is metal (Au) nano dot 
array fabricated by a combination of NPF and self-organization by annealing. It is confirmed 
that surface structures smaller than 1µm can be manufactured by simple process based on 
metal forming technique.  

 

 

An Au nano dot array occurs in the localized surface plasmon resonance (hereafter LSPR) 
with the incident light. LSPR is collective oscillation of free electrons in the metal dots due to 
the electric field vibration of the incident light. The incident light whose wavelength is 
matching with the resonance frequency is absorbed by the metal dots due to the localized 
surface plasmon resonance, and a peak appears on the absorption spectrum as shown in fig.3. 
Since peak wavelength is affected by the medium around the dot, such as adhered 
biomolecules, those biomolecules can be detected by measuring the shift of the peak 
wavelength. Because this detection method is much simpler than the conventional method, 
applications of nano dot array to sensors are expected. 
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Fig. 1 - Nano plastic forming tester and specially designed diamond 

Fig. 2 - Nano plastic forming tester and specially designed diamond 

tools  

(a) (b) (c) 

Fig. 3 - absorption 
spectrum of nano dot 
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ABSTRACT 

Engineering education continues to experience dramatic changes. It has become more 

globalized, learner-centered rather than education-centered with the focus being the learning 

outcomes and their relevance to the stake holders and the wellbeing of society. In particular, 

most developed degree programs cover discipline and contextual knowledge, practice 

knowledge and skills as well as professional attributes. 

Of major importance to the development of a highly innovative engineering degree program 

is a correspondingly highly innovative engineering curricula. The curricula should be based 

on the use of open-ended problems, project-based learning, and group design projects to 

inspire the students and encourage them to adopt lateral thinking in dealing with real world 

open-ended group projects. This will help them develop the much needed communication, 

time organization and conflict resolution skills, cost management, divergent thinking and the 

symbiotic learning of fundamentals of engineering sciences which are mostly taught in 

isolation, as depicted in Figs. 1 and 2. 

     
 
           Fig. 1 - Integrated engineering curricula              Fig. 2 - Compartmentalized engineering curricula 

Many reports on engineering education have identified the vast diversity of professional 

pathways. An innovative educational response should be to encourage the development of 

students’ self-identity through the notion of being a “student engineer” as opposed to 

“engineering student”. Finance, business, innovation and entrepreneurial skills as well as 

leadership training are new facets of our engineering education and need be addressed in our 

curricula. It is not uncommon for an engineering graduate to become a banker, a lawyer or a 

medical doctor. This must be considered in the design of engineering curricula. 
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We must move away from the traditional and highly structured teaching methodologies that 

stifle students’ imagination and adopt case-based teaching to harness the benefits of the new 

information technology. Our approach must pivot around our ability as educators to motivate 

and engage our students and encourage them to think outside the box in a highly interactive 

and meaningful manner. It is not merely replacing `chalk` with `chips` that is characterized by 

information dumping and memory-based learning. It is the way forward for best practices in 

engineering education. 

We now turn to another important issue that concern us as educators. We must realize that our 

new learners are digital natives, while us, the educators, are digital immigrants. They are all 

“native speakers” of the digital language of computers, cell phones, video games, and the 

internet. They are capable of parallel-processing and multi-tasking and they function best 

when networked. Digital immigrants, on the other hand, have very little appreciation of these 

new skills, which the natives have acquired and perfected through many years of interaction 

and practice. In this presentation, Professor Meguid will formulate many thought-provoking 

questions about the issues raised in this abstract. 

Keywords: Engineering Education, Engineering Curricula, Lateral Thinking, Higher 

Education,  
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ABSTRACT 

This short presentation will outline the background to engineering education in the UK, 

particularly in the higher education sector, and discuss some of the challenges currently being 

faced.  

Keywords: Engineering Education, United Kingdom, Higher Education 

 

BACKGROUND 

The higher education sector in the UK has gone through considerable change in the last 25 

years.  In 1992, the distinction between Polytechnics, which concentrated technical education, 

and Universities was removed, and there are now over 150 degree-awarding institutions in the 

country, mostly Universities offering a wide range of subjects.  Devolution of government 

occurred in 1998, and education is a devolved matter in Scotland, Wales, and Northern 

Ireland, and this has led to differences in policies between these three nations and England, 

where the UK government retains control. 

Prior to 1999, students made no direct contribution towards their tuition fees, but these were 

introduced as a response to the Dearing Report on Higher Education Funding.  The initial 

level was £1000 per year, but it has risen substantially since, and now stands at £9000 in 

England, though no fees are payable by Scottish students studying at a Scottish university and 

different arrangements also apply in Wales and Northern Ireland.  Alongside the fees, there is 

a student loan scheme, so that the fees do not need to be paid at the time, but payments are 

deducted in subsequent years, once a graduate’s salary exceeds a certain level.  There was 

some concern initially that students would be discouraged from seeking a degree by these fee 

levels, but the evidence seem to suggest that this has not been borne out in practice. 

Further changes are now likely to take place, and the UK government has published proposals 

to replace the Higher Education Funding Council, the ‘arms length’ regulator of universities 

in England, with more direct government control, although universities would still remain 

independent educational charities, rather than being directly in the public sector.  Also 

envisaged are changes in funding arrangements, so that the funds a university receives will 

depend to some extent on ‘student satisfaction’, although how this can be effectively 

measured is a matter of lively debate.  The net effect of these changes may well be to further 

encourage the idea that students are simpler ‘consumers’ of education, rather than more 

actively engaged as learners in the process.  This has already led to changes which attempt to 

make the courses offered and the university environment generally more attractive to 

students.  A particular example of this is the new engineering faculty teaching centre, 

constructed by the University of Sheffield (Fig.1.) 
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Fig. 1 - Exterior and interior of the Diamond teaching building at the University of Sheffield 

 

ENGINEERING EDUCATION 

The majority of UK universities offer some form of engineering degree, either in general 

engineering, or in one or more of the individual disciplines: mechanical, electrical, civil etc.  

The Finniston Report in 1979 recommended the establishment of four-year integrated masters 

courses, which lead to the M.Eng. qualification, in parallel with the existing three-year 

degrees, leading to a bachelors (B.Eng.) degree.  The majority of UK universities follow this 

pattern, sometimes including a ‘sandwich year’ in industry.  However, the four year master’s 

is not generally compatible with the Bologna Process framework, which typically requires 

five years of study for a master’s degree.  A number of organisations are concerned with 

engineering education in the UK, these include: 

(i) The individual engineering institutions, such as the I.Mech.E., I.C.E, and the I.E.T., 

which accredit degree courses as providing exemption from the academic requirements 

for chartered engineer (C.Eng.) status. 

(ii) The Engineering Council, which acts as an umbrella body for the institutions. 

(iii) The Royal Academy of Engineering, which exists to promote engineering in a similar 

manner to the promotion of science by the Royal Society. 

(iv) The Engineering Professors’ Council. 

 

CHALLENGES 

The background described above presents a number of challenges for the future.  These 

include: 

(i) Adapting to changing funding regimes and to increased government control. 

(ii) Reconciling often conflicting demands on the curriculum, including pressures from the 

institutions to include additional material and from funding mechanisms which may 

prioritise student satisfaction. 

(iii) Attracting sufficient suitably qualified students to register for the courses.  In particular, 

one of the effects of ‘Brexit’ may be to reverse the existing trend for greater numbers of 

European students. 

(iv) Adapting teaching patterns to changing ways of learning in a digitally-connected society.  

Actively under discussion is the future of the traditional lecture. 
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ABSTRACT 

Our Japanese engineering education programs are improved gradually. Most of our programs 

were done by Japanese in our University because we had a good text books on Engineering 

written in Japanese. So we did not have any good opportunities to compare between education 

programs of ours and other countries. However Japanese Universities are requested to be one 

of global excellent University with excellent and popular education programs. So we are 

gradually improving our education program with research activities. 

Graduate school of Engineering, Nagoya University started “Japan-US Advanced 

Collaborative Education Program (JUACEP)” in 2011 by the financial support by Japanese 

government. JUACEP is a research-based educational program designed for graduate students 

who desire to study abroad. Scholarships are offered to both Nagoya and American university 

students. The program presents the perfect opportunity for students to gain engineering 

research experience as well as cultural experience in the USA or Japan. 

In 2011, the Graduate School of Engineering at Nagoya University was awarded the "Re-

Inventing Japan Project" grant by the Ministry of Education, Culture, Sports, and Technology 

(MEXT), along with six other Japanese universities. The grant supports the 

internationalization of higher education based on the "New Growth Strategy," whose 

objective is to provide Japanese University students with more international experience. The 

Graduate School of Engineering at Nagoya University calls their unique program the "Japan-

US Advanced Collaborative Education Program (JUACEP). The Program contents are as 

shown in Figure 1 below. 

After completion of the role of MEXT project, since April, 2016 JUACEP has subsequently 

gone ahead its program, both for Nagoya Univ. students and for US university's students. 

JUACEP's primary focus is research-based education for graduate students. The exchange 

students stay at partner universities as visiting scholars and conduct independent research. 

Students can choose from among three courses: short (2-3 months), medium (6 months), and 

long (8-12 months), depending on their individual motivations and interests. JUACEP offers 

scholarships not only to Nagoya University students to study in the USA but also to American 

University students to study in Nagoya. At the moment (2012), Nagoya University has 

formed cooperative relationship with the University of Michigan and the University of 

California Los Angeles (UCLA). The research will result in the students' earning partial 

credit, which is transferable to their base universities. 

Uniqueness of JUACEP is summarized in Figure 2. This program was a good for the 

adjusting stage between both programs because both Universities have a good benefit for 

involved students and Professors. 
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Fig. 1 - Program Contents 

 

 
Fig. 2 - Uniqueness of the Program 

 

Finally, we found that the mismatch of semester between Japan and US Universities was 

severe problems when we will make this program progress more and more. Some of Japanese 

University has 2 semesters as April-July and October-January. On the other hand, some of US 

University has different semesters from Japanese one. So we think that we should consider to 

establishing new program even if this JUACEP is as fine as an initial attempt. 
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ABSTRACT 

This work is an attempt to provide an elementary account of explaining the rationale and 

usage of the “rigid” elements available in many commercial F.E.A. software. Such 

capabilities were originally introduced half a century ago in the early commercial programs. 

This may partly be the reason that after so long, it is one of the least understood and most 

widely abused elements in a commercial code, particularly by the engineering undergraduates 

and industrial designers. In the current presentation, a several case studies are introduced 

which is of pedagogical value for educational purposes and hopefully will shed some light on 

this issue. 

Keywords: finite elements, rigid elements, multipoint constraint, virtual part, pedagogy. 

 

INTRODUCTION 

One of the earliest finite element packages, the NASTRAN program was developed by NASA 

in 1960s. This software is still around and after substantial modifications, is the backbone of 

several commercially available FEA packages (MSC, 2015). The computer hardware 

limitations in that era, necessitated the usage of special type elements (novel elements) that 

were dramatically cutting the cost of computing. One such particular capability was known as 

“Rigid” element, which is still available in just about any commercial FEA package (Zamani, 

2016).  

The rigid elements, depending upon the software, are referred to by different names. It is 

widely known as RBE2 and RBE3. Since these are not truly elements in the conventional 

sense, in some software such as CATIA v5 they are referred to as “Virtual” elements. As 

indicated in the abstract, these are probably the most widely misunderstood concepts in FEA. 

Part of the reason may be that they are not completely documented in the software manuals. 

Particularly, there is a lack of good and understandable examples where the elements are 

explained in detail and their results are interpreted satisfactorily. 

One of the main objectives of this expository paper is to discuss such element in terms of 

scenarios where an average user can see and appreciate. To put things in perspective, the 

standard example that is presented in just about any commercial software is illustrated below.  

A block is fixed at one end and a remote point is located a certain distance away from the 

face. An axial force applied at the remote point is compressing the block (only symmetric 

compression), see Fig.1 for the problem statement. The results of these problems using RBE2 

and RBE3 are displayed in Fig. 2 and Fig. 3 respectively.  
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Notice that under RBE2, the compressed face of the block remains planar whereas, with 

RBE3, there is a deformation of the face with severe stresses at the corner locations of the 

face. The question often asked by students is, “so which one do I use, and how do I know that 

these results are correct?” 

 

Fig. 1 - Remote handler point “H” carries the load of 100kN 

 

 

 

 

Fig. 2 - von Mises and displacement contour plots using the “RBE2” elements 

 

 

 

 

Fig. 3 - von Mises and displacement contour plots using the “RBE3” elements 

 

Another classical example is the part shown in Figure 4. Ignoring the dimensions and the 

actual material properties, one end of the block is clamped and the hole is loaded through the 

handler point H. The term “Handler” and “Remote” points are used interchangeably. 
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Fig. 4 - the hole is loaded at the remote handler point “H” 

 

The deformation of the above part is shown in Fig. 5. Note that in the case of “RBE2” 

element, the circular hole is undeformed, whereas there is clear deformation when “RBE3” 

elements are employed. 

 

 

 

 

 

 

 

Fig. 5 - The deformation of the circular hole under “RBE2” and “RBE3” elements 

 

VIRTUAL ELEMENTS IN CATIA V5 

Since the CATIA v5 software will be used in this paper as our mail tool, the terminology used 

in the software need to be described. In CATIA, such elements are known as “Virtual Parts”, 

or “Virtual Elements”. There are five such elements but only four will be addressed in the 

present paper. The toolbar which carries such entities and the corresponding icons are shown 

in Fig. 6. These elements will be described in terms of a bar under different loading 

conditions. 

 

 

Fig. 6 - the four virtual parts to be discussed 
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Rigid Virtual Part  & Smooth Virtual Part : 

Consider the block shown in Fig.7 whose left end in clamped and the right end is loaded to 

cause bending. The black is made of a non-homogeneous material such that a certain length of 

it is much more rigid that the other piece. In Fig. 7, as indicated, the portion adjacent to the 

clamp end is flexible (ie deformable) and the right portion moves as a rigid body. This being 

the case, one can mesh the deformable portion, and model the right piece as a rigid body. That 

is precisely what a “Rigid”, or “Smooth” virtual part does. The only difference between the 

two, is that interface of the two portions is assumed to be non-deformable if a “Rigid” virtual 

part is used. 

In the case of  a “Smooth” virtual part, interface deforms and does not remain a flat surface. 

 

 

 

Fig. 7 - The concept of “Rigid” or “Smooth” virtual part 

 

Rigid Spring Virtual Part  & Smooth Spring Virtual Part : 

The problem shown in Fig.8 is exactly the same as the one described above. The only 

difference is that although the right side (the part adjacent to the load) will not be meshed 

with solid elements, the stiffness of this portion is provided to the software as an input. 

 

 

Fig. 8 - The concept of “Rigid Spring” or “Smooth Spring” virtual part 

  

Fundamentally, there is no difference between the “Rigid Spring” and “Smooth 

Spring” virtual parts except for the deformability of the interface. The dialogue box which 

allows you to provide this data in the Catia v5 software is displayed in Fig.9. 
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As it can be seen, the stiffnesses in all six directions (three translations, and three rotations) 

can be assigned. These are not ad hoc numbers but some hand calculations can/must be 

performed to estimate the values. This type of calculation will be presented at a later point in 

the paper.   

  

 

Fig. 9 - Dialogue box for Catia v5 

 

RESULTS 

In this section, six case studies will be discussed to demonstrate the ideas presented in the 

introduction. However, in view of the fact that there is no fundamental difference between 

“Rigid” and “Smooth” virtual parts, the discussion will be limited to “Rigid” virtual parts.  

The material is assumed to be linear elastic with Young’s modulus of 200 GPa and Poisson’s 

ratio of 0.3.  

In all these case studies, linear 4-noded tetrahedron elements are used and to alleviate the 

concern about the mesh size, a specified value of 1mm is used for mesh generation. This will 

result in a very fine mesh throughout the part. 

 

CASE STUDY I, AXIALLY LOADED BAR, RIGID VIRTUAL PART: 

The bar of dimensions 10x10x150 mm is clamped at its left end point. The last 50 mm of the 

bar is assumed to considerably more rigid than the remaining portion. This is why that section 

of the bar is modelled as a rigid virtual part. The bar is loaded axially at the handler point 

resulting in a compression of 0.1 mm as shown in Fig.10. The free body diagram of both 

sections are displayed in Fig.11. 
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Fig. 10 - Original part, modeled part, meshed part 

 

 

Fig. 11 - The Free body diagram of the left side of bar meshed 

The bar deflection and the axial principle stress contours for the meshed portion of the 

structure is given in Fig.12. The enforced deflection of 0.1 mm requires a load of  � � ��� �
�. 

Here, 

 � � 0.1�� and  � 100��. Therefore, the calculated axial principle stress is � � �
� �200	���. To have a better idea of what the predicted value in the middle and the end 

sections of the bar are, three “Groups” in Catia are created. This is shown in Fig. 13. This 

allows us to plot the stress distribution only in these section instead of the entire bar.  

 

 

Fig. 12 - The axial principle stress and the deflection 
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Fig. 13 - Three groups where the axial principle stress will be plotted 

 

The principle stress in these sections are plotted in Fig. 14. In the middle section, the 

predicted value is 201 MPa (compressive) as expected. One does not expect to get an 

agreement at the loaded end. The principle stress in the vicinity of the clamp is not far from 

200 MPa. 

 

Fig. 14 - The axial principle stress distribution in the three selected sections 

Although from the engineering point of view, the stress distribution at the support may be 

acceptable, the reason behind the bizarre non-uniform contour is because of the clamped 

condition. We have also made a run with roller support at the wall and generated the stress 

distribution which is displayed in Fig. 15. Note that the contour shows a compressive 

principle stress of -201 MPa but is more uniform. 

 

Fig. 15 - Axial principle stress at the wall using the roller condition at the support 
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One should be careful about the “Group” at the support. We should avoid including the 

vertices where the zero displacement (to prevent rigid body motion) are specified. There are 

artificial stresses developed due to the zero displacements. The selected group is shown in 

Fig. 16 for the sake of completeness. 

 

Fig. 16 - The group at the roller support must avoid the vertices with specified zero displacements 

 

CASE STUDY II, AXIALLY LOADED BAR, RIGID SPRING VIRTUAL PART: 

This is exactly the same problem as in the Case Study I except that the stiffness of the right 

side of the bar is also take into account. The situation is summarized in Fig. 17. The 150 mm 

bar is shown but it is felt that there is no reason to model the end 50 mm. However, this is not 

to say that this 50 mm section is axially rigid. Therefore, one can model this section with 

“Rigid Spring” virtual part. The axial stiffness of the spring has to be calculated realistically 

based on dimensions and the material properties. This calculation will be making references 

to Fig. 18. 

 

 

Fig. 17 - The use of a “Rigid Spring” virtual part Fig. 18 - Calculating the stiffness 

 

In order to assess the quality of the finite element simulations, some hand calculations is 

presented below. 

The free body diagram (FBD) of the two portions of the bar is shown in Fig.18. The 

elementary strength of materials formula, estimates the axial stiffness of the 50 mm section as 
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�� � ��
� � ��

�.�� � 4 � 10� N/m. This will be the “Translational” spring constant that will be 

specified in the dialogue box shown in Fig. 9. Naturally the proper direction must be used. 

To find a rough first order solution to the original problem, the axial stiffness of the 100 mm 

portion of the bar is calculated from �� � ��
� � ��

�.� � 2 � 10�   N/m. The two portions of the 

bar can be viewed as two springs in series with the equivalent stiffness of � ! � "#"$
"#%"$ �&

' 10� N/m. 

The force necessary to cause a 0.1 mm displacement at the handler point is � � � !� �
&
' 10� ∗ 0.0001 � 13333 N.  

The axial stress in the bar is calculated from � � �
� � �''''

�.���� � 133 � 10*	�� � 133	���. 

The tip deflect of the modelled section of the bar is calculated from	+ � �
",- � 67 �

100*	� � 0.067	��. 

The finite element results with a clamped end and “Rigid Spring” virtual part is Fig. 19. As 

far as the displacement plot is concerned, it predicts the exact value as predicted by the hand 

calculations. As far as the axial principle stress is concerned, it is definitely constant and the 

color range is in agreement with the 133MPa predicted above. To create a more informative 

plot, the stress distribution in the constructed groups are presented in Fig. 20. Now, one can 

clearly see that the stress distribution is predicted to be 134 MPa.  

 

 

Fig. 19 - the FEA predicted results for the “Rigid Spring” elements (entire model) 

 

 

 

Fig. 20 - the FEA predicted axial principle stress distribution (zoomed in sections) 
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There are a few comments in order. Based on the information presented in the Case Study I, if 

the clamped end is replaced with a roller support, the stress distribution at the clamped end 

will be more uniform and very close to the theoretical value of 133 MPa. 

The results predicted by “Smooth Spring” virtual part is essentially identical to the calculation 

above. The difference will be the deformability of the interface. In view of this observation, 

we choose to skip this element. 

 

CASE STUDY III, TORSIONALY LOADED BAR, RIGID VIRTUAL PART 

The circular bar of radius 1 � 10	mm and length 150 mm is clamped at its left end point and 

subject to a twist angle of 0.1 degree at the other end. This is familiar torsional loading on a 

circular bar. The situation is depicted in Fig. 21. The last 50 mm of the bar is assumed to 

considerably more rigid than the remaining portion. This is why that portion of the bar is 

modelled as a rigid virtual part. 

 

Fig. 21 - Original part, modeled part, meshed part 

For the reader to have an appreciation of the fineness of the mesh, the zoomed in view of the 

clamped end is shown in Fig.22. Keep in mind that the radius of the bar is 10 mm and the 

element size is roughly 1mm. The elements are of linear tetrahedron type.  

 

Fig. 22 - Zoomed in view of the clamped end 

The free body diagram of the two sections are shown in Fig.23. Due to the fact that the right 

side is modeled as being rigid, the left side also twists by 0.1 degree. It is obvious that the 

torque applied to the left side has the same value as T. 

 



Proceedings of the 7th International Conference on Mechanics and Materials in Design 

 

 

-27- 

 

Fig. 23 - The Free body diagram of the left side of bar meshed 

 

The torsional principle stress contours for the meshed portion of the structure (generated by 

FEA) is given in Fig.24.  The hand calculation below, using the torsion formulas will be used 

to assess the results. 

The twist of 2 � 0. 1° requires a torque of   4 � 56
� 2. Here 7 � �

�8�%9: is the shear modulus 

and ; is the polar moment of inertia of the bar. For the left end of the bar which is modeled, 

 � 100��. Therefore, the calculated torsional principle stress is < � =>
6 � 13.47 �

10*	�� � 13.47	���. To have a better idea of what the predicted value in the middle and the 

end sections of the bar are, they are also plotted in Fig. 25, using the groups created earlier. 

 

 

Fig. 24 - The torsional principle stress contour for the entire model 

 

 

Fig. 25 - The torsional principle stress contour for different sections 
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Notice that the contour plot in Fig. 25 for the middle section is in excellent agreement with 

the hand calculation value of 13.47 MPa. The results of the “Smooth” virtual part will be so 

close to the “Rigid” virtual part that will not be presented here. As pointed out earlier, the 

difference is in the deformation of the interface. 

 

CASE STUDY IV, TORSIONALY LOADED BAR, RIGID SPRING VIRTUAL PART 

This is the same type of problem as in the Case Study III except that the torsional stiffness of 

the right side of the bar is also take into account. The situation is summarized in Fig. 26. The 

150 mm bar is shown but it is felt that there is no reason to model the end 50 mm. However, 

this is not to say that this 50 mm section is torsionally rigid. Therefore, one can model it with 

“Rigid Spring” virtual part. The torsional stiffness of the spring has to be calculated 

realistically based on dimensions and the material properties. 

 

Fig. 26 - Original part, modeled part, meshed part 

 

 

 

Fig. 27 - Free body diagram of the modeled and the not modeled sections 

In order to assess the quality of the FEA predictions, some hand calculation based on strength 

of materials formulas are made. These are in reference to the FBD displayed in Fig. 27. The 

50 mm segment has a torsional stiffness given by �� � 56
� � 56

�.�� � 24166 Nm/rad. This will 

be the “Rotational Stiffness” spring constant that will be provided to the software, see Fig.9. 

The left side of the bar which meshed with elements, has a torsional stiffness, given by 

�� � 56
� � 56

�.� � 12083 Nm/rad. The two torsional spring are acting in series with an 

equivalent stiffness of � ! � "#"$
"#%"$ � 8055 Nm/rad. 
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This equivalent stiffness allows us to calculate the torque necessary to cause a 0.1
°
 twist angle 

at the handler point. Therefore, 4 � � !2 � 8055 ∗ �.�	8�A:
'*� ≅ 14 Nm. 

The principle torsional stiffness on the surface of the bar can then be calculated from the 

following expression. < � =>
6 � �&��.��

6 � 8.095 � 10*	�� � 8.095	���. 
The finite element calculation are compared to this reference value. The torsional principle 

stress for the entire structure and the three sections (clamped end, middle, and loaded 

sections) are given in Fig. 28 and 29 and are very satisfactory. It is important to keep in mind 

in a torsion problem, the stress (torsional stress) varies linearly with distance to the axis of the 

bar. Therefore, the maximum stress is assumed on the surface of the bar which is farthest 

away from the axis. The linear variation can easily be confirmed by the uniform concentric 

circles in the contours within the structure. 

 

Fig. 28 - The principle torsional stress distribution for the entire model 

 

Fig. 29 - The principle torsional stress in three regions along the bar 

 

The agreement of the stress distribution in the middle section of Fig. 29 is excellent. The 

results of the “Smooth” virtual part will be so close to the “Rigid” virtual part that will not be 

presented here.  

Furthermore, a roller support at the clamp would have produced a more uniform distribution 

at the restrained end. 

 

CASE STUDY V, BAR UNDER BENDING, RIGID VIRTUAL PART 

The 150 mm bar shown in Fig. 30 is clamped at the left end and subjected to a downward load 

of 1000N. It is assumed that the 50 mm section on the right side is so much stiffer than the 

rest of the beam that it does not have to modelled. The cross section of the beam and its 

material properties are the same as in Case I. The last 50 mm of the bar will not be meshed 

and instead modeled as a “Rigid” virtual part. 
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Fig. 30 - Original part, modeled part, meshed part 

 

Contrary to the previous four case studies where the finite element results were presented first 

and then the theoretical solution, we tend to reverse the order here. This decision is maimly 

because of the more complex nature of the problem under consideration. The free body 

diagram of the two sections of the beam is displayed in Fig. 31.Concentrating on the left 

section of the bar which will be meshed, it is subjected to a downward load of “F” and a 

bending moment of “M”. This moment is the result of the couple “Fd” which has been created 

due to removal of the rigid section. 

 

 

Fig. 31 - Free body diagram of the modeled and the not modeled sections 

 

The basic strength of materials formulas needed to arrive at a reference value for comparison 

purposes is given in Fig. 32. On the left side, you see the cantilever beam subject to two 

separate loads. The vertical downward force F and the bending moment M. On the right side, 

the superposition of the two loads are given. This is precisely the scenario in the “Rigid” 

virtual part problem as displayed in Fig. 31. 
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Fig. 32 - Basic strength of materials formulas for beam bending and their superposition 

 

For the present problem, the following data is used. 

 

D � ℎ � 0.01	�   , ie square cross section.  � F � �
�� Dℎ' � 8.333 � 100��	�& 

 � 0.1	�   , the length of the modeled section of the beam 

G � 0.05	�  , the length of the “Rigid” section 

� � 1000	H  , the applied load 

� � 200	7��  , Young’s modulus 

I � 0.3  , Poisson’s ratio 

The above data will give the following calculated reference values. 

� � ��J
'�K � 3.5 � 100'	� �	 3.5 mm ,tip deflection of the modeled 

section of the beam. 

� � LMNOOP
K � �8�%�:Q$K � 900 � 10*	�� � 900	��� , bending stress at the wall 

 

As for the deflection of the handler point, ie the remote location of the applied load, we refer 

to figure 33. And the following value is obtained. 

 

�RST�U >	VWXTY � �'
3�F +

��
2�F + 2G � �'

3�F +
8�G:�
2�F � �'

3�F +
8�G:�
2�F + [��3�F +

8�G:
�F \ G � 

 

� 6.5 � 100'	� � 6.5	�� 
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Fig. 33 - The treatment of the displacement of the Handler point 

 

We are now in a position to present the FEA results. The deflections of the modeled section 

and the “Rigid” virtual part are displayed in Fig. 34. There is a good agreement between the 

contour plot and the theoretical calculations above. 

 

 

Fig. 34 - The deflection data for the modelled and rigid part. 

 

 

Fig. 35 - The bending stress distribution in the modelled section. 

 

We have also replaced the clamped end with the roller end condition shown in Fig. 36. Note 

that to avoid the rigid body motion, one also has to fix two of the vertices. This needs to be 

done carefully so that no fictitious (artificial) stresses are developed at these vertices. This is 

sometimes referred to as the “123” rule and is very common in “Inertia Relief” modelling.  

 

Very Rigid 
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Fig. 36 - The roller end condition 

The contours of the deflection and the principle bending stresses are shown in figures 37, 38, 

and 39 respectively. There are very minor differences with the original clamped end 

condition.  

 

Fig. 37 - The deflection data for the modelled and the rigid part (“Roller” end condition) 

 

Fig. 38 - The bending stress distribution in the modelled section (“Roller” end condition) 

 

Fig. 39 - The bending stress distribution in the modelled section, the “Roller” end condition, (zoomed in section) 
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CASE STUDY VI, BAR UNDER BENDING, RIGID SPRING VIRTUAL PART 

The problem in this case study is the continuation of the one discussed in the previous case. 

The cantilever beam of 150 mm is loaded with 1000 N load as shown in Fig.40. The plan is to 

discard the 50 mm section on the right hand side (ie not to mesh it) but to take into account 

the flexibility (stiffness) of this piece. Keep in mind that this section has a length G � 50 mm 

and the calculation must be based on this length. Referring to the coordinate system described 

in Fig. 40, we have 

 

�=] � 41�^_`�abc^�`	_abdd^e__ � '�K
�J � '�8������f:�8�.'''���g#h:

�.��J � 4 � 10* N/m 

�ij � kca�abc^�`	labdd^e__ � �K
� � 8������f:�8�.'''���g#h:

�.�� � 3.333 � 10' N.m/rad 

 

In Fig.41, the Catia v5 dialogue box where the stiffnesses are inputted is shown. Note that in 

the present problem, other stiffnesses are ignored as there are no loading components in those 

direction. However, if one is interested, the calculations similar to the one presented above 

can be made and inputted in the dialogue box. All the needed formulas were presented in the 

first four case studies.  

 

 

 

 

Fig. 40 - The stiffnesses of the virtual part are estimated according to the expressions given 
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Fig. 41 - The Catia v5 dialogue box for inputting the stiffness of the “Rigid Spring” virtual part 

The theoretical deflections of the tip of the bar (ie at a distance of 150 mm, and 100 mm from 

the clamp) are calculated below. 

For the true tip (150 mm away from the support), 

����mm � �8 + G:'
3�F � 1000 � 80.1 + 0.05:'

3 � 8200 � 10n: � 88.333 � 100��: � 6.75 � 100'	� � 6.75	�� 

For the tip of the modelled part (100 mm away from the support), 

����mm � �'
3�F +

8�G:�
2�F � 1000 � 80.1:�

8200 � 10n: � 88.333 � 100��: o
0.1
3 + 0.05

2 p � 3.5 � 100'	�
� 3.5	�� 

The bending stress at the support (clamp) is calculated from, 

�qSUU � �qSUUrF � �8 + G:s�F � 1000 � 80.1 + 0.05: � 0.005
8.333 � 100�� � 900 � 10*	�� � 900	��� 

 

The FEA generated deflection and the bending principle stresses are shown in figures 42 and 

43 respectively and the results are in good agreement with the hand calculations above. Note 

that the end of the beam is assumed to be clamped and the stress distribution at the wall is 

presented. 

 

Fig. 42 - The deflection plot for the “Rigid Spring” model 
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Fig. 43 - The principle bending stress plot for the “Rigid Spring” model (zoomed in view) 

 

CONCLUSION 

In this paper, six case studies have been presented all of which are fairly well defined and 

understandable by any engineer (or engineering student). All that is required is a basic 

background in strength of materials. The theoretical calculations in these case studies were 

used as a basis for assessing the quality of the FEA results using “Rigid” elements. In all 

cases, there were good correlations between the two. More importantly, the case studies give 

the FEA users a much better understanding behind the rationale of the existence of such 

novelty elements.  

Another point to raise is that the rigid and the “kind” of rigid assumptions require reasonable 

engineering judgment. Particularly, the “kind” of rigid element requires a good estimate of the 

stiffnesses involved. One cannot simply input ad/hoc numbers for such constants.  

The virtual elements discussed in the present paper were employed for static problems, 

however they are equally applicable to dynamic situations. It would very beneficial to 

investigate these elements in the dynamic framework and report the results in an 

understandable way. 
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ABSTRACT 

There was discussed the problem of training the high-qualified specialists graduating from 

universities according to the current situation in the high education field. One of the solutions 

of the named problem was suggested. The experience of engineering mechanics contest 

organization of different levels by the Technical Physics and Engineering Mechanics 

Departments of the Belarusian State University of Transport was described.  

Keywords: studying process, international engineering mechanics contest, human potential. 

 

INTRODUCTION 

The development of information technologies has led to a change in the nature of today's 

youth way of thinking. This fact can be associated with a significant increase in the volume of 

information received from various sources. On the other hand the system of school training in 

Belarus has remained almost unchanged since the last century. A variety of studied material 

has increased, but it has resulted, for example, in the failure in learning mathematics due to 

the refusal of considering the evidence of the theorems, creation processes of different ratios. 

At the same time students are taught to solve short problems that do not require a plurality of 

logical actions for their solution. The test system application as the university entrance exams 

also does not stimulate the development of logical thinking. In combination with the existing 

demographic situation in Belarus the competition for enrollees is significantly reduced, 

especially for the technical professions. As a result training of students is accompanied by 

considerable difficulties. For example, problem solution process for such mechanical subjects 

as engineering mechanics, mechanics of materials, theory of mechanisms and machines and 

etc. is usually connected with the use of long logic chains. The requirement to perform many 

actions puts the majority of students at an impasse. At the same time the solution consisting of 

3-4 simple and medium actions do not cause the difficulties for the students. This begs the 

question of increasing the independence and creativity of students' thinking. 

 

RESULTS AND CONCLUSIONS 

One of the possible solutions of the mentioned problem is to attract students to participate in 

competitions in various subjects. Much experience in the contest realization of different levels 

the "Technical Physics and Engineering Mechanics" department of the Belarusian State 

University of Transport (BelSUT) has in the field of engineering mechanics.  
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After studying a complete part of the engineering mechanics course, for example, "Statics", it 

is organized the faculty-level contest, where students are offered to solve several number 

problems (usually eight) of almost the same difficulty level as they had studied in the 

classroom. It allows to find out the extraordinary minded students with a sufficiently high 

potential for a further development of their capabilities. The next step is the organized by the 

department additional unpaid training for one semester for the most distinguished students if 

they wish. These additional studies are carried out to instill the initial skills of the contest 

problems requiring nonstandard approaches for the students. 

Once a year, the contest at the university level is held. Students of all courses are invited to 

take part in this competition. Here different students can show their level: the students 

previously demonstrated their abilities and those ones who could not participate in the 

competition of the faculty level for different reasons. 

The results of the university-level competitions are the base for the selection of the BelSUT 

team members to present the university at the city level competition. According to its results 

the final team is completed for the annual national and international contests in engineering 

mechanics carried out by the "Technical Physics and Engineering Mechanics" department of 

BelSUT. The results of these competitions represent both the individual and team competition 

achievements. The team of our university is generally ranked first or second place in the 

national contest and it is among the 10 best teams in the international contest. 

International Engineering Mechanics Contest has been held annually since 2004. It is attended 

by students from different countries and universities with different training systems. The 

detailed information about the peculiarities of this competitions and suggested problems to 

solve can be found in (Shimanovsky, 2013), (Shimanovsky, 2014) and on the 

http://engmech.by site.  

Participation in contests and intellectual competitions is an excellent platform for the 

identification and further development of students with great potential not only in the field of 

theoretical mechanics, but also in other areas. As a rule, in the future such students behave as 

good researchers, professionals with creative thinking who can replenish the staff of high-

qualified specialists in the field of research and innovation and as a result it will allow to 

improve the human potential not only of a single university, but also of the society as a whole. 
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ABSTRACT 

The process of learning to become a mentor or a teacher, and the expectation that learners are 

required to teach has the potential to transform how we learn (Nestojko, 2014) and teach 

fundamental engineering education topics. Incorporating the practice of engineering and 

effectuation processes to achieve the end goals of deep learning and the demonstration of the 

Canadian Engineering Accreditation Board (CEAB) Graduate Attributes with a level of 

mastery is key to preparing graduates for work during the 21
st
 century.  Thermodynamics is a 

fundamental knowledge area that underpins engineering design, design evaluation, the 

operation and optimization of a design.  The theories and practices supporting deep learning 

are investigated along with what it means to be an engineer, to practice engineering, and to 

educate engineering students.  Thermodynamics (specifically phase diagrams) and the 

fundamental relationship to design and the practice of engineering are used to illustrate the 

approach.    

Keywords:  engineering education, deep learning, peer teaching, thermodynamics. 

 

INTRODUCTION 

Engineering education has been under scrutiny and revision since the mid 20
th

 century 

(National Research Council, 1995).  Questions regarding how engineers are educated, 

whether engineers are adequately prepared to work in industry, and what it means to be an 

engineer have been perennial concerns peaking in the last decade of the millennia in the midst 

of the rapid spread of the internet and electronic communication. In 1989, Canada became one 

of the six original signatories of the Washington Accord. The main purpose of the agreement 

was recognition by signatory countries of the academic equivalence of BSc level engineering 

programs.  This international discussion precipitated significant changes in the criteria for 

accreditation of engineering schools including the incorporation of outcomes based 

performance criteria. An ongoing dialogue among accreditation bodies, universities, 

professional associations, engineering education researchers, and instructors on what the 

outcomes of an undergraduate engineering program are, how the outcomes are achieved, and 

when they should be measured are shaping changes in Canadian undergraduate engineering 

programs.  

Reducing the gap between what practicing engineers do by redefining the fundamental 

knowledge required to begin practice creates a heavy workload for undergraduate engineering 

students.  The gap between what is needed for an engineer to enter graduate school and the 

knowledge and experience they possess at graduation is equally clear.  In an engineering 
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design classroom, it is also apparent that students learn at different levels and the extent of 

deeper learning achieved leads impacts preparation for and attainment of graduate attributes. 

 

RESULTS AND CONCLUSIONS 

Construction of learning activities where sense making and relevance are combined with an 

effectuation process allow students to test hypotheses within their personal contextual 

framework and to anticipate further required action on their part. Sense making can (and it 

does) happen in a lecture format. However, it is more effective when the lecture format 

includes elements of active learning that require students to make sense of the materials. 

Graduate attribute outcome assessment criteria are largely based on the practice of 

engineering that requires engineers to learn fundamentals and apply them to practice during a 

life long iterative process.  This process often requires practitioners to investigate the means 

at hand and to apply them to create a pathway to imagined ends or goals (Fig. 1).   

 

Fig. 1 - Effectuation Model (Sarasvathy, 2001) 

Engineering is a creative profession and one that encourages the effective and efficient use of 

resources.  Deep learning is a key differentiator between surface and strategic learning, and is 

typically paired with an anticipated required action. Online learning elements (Jamieson and 

Shaw, 2016) support student learning but are most effective when students are looking for 

information to help them understand a system (i.e.: in the context of a design course, learning 

elements should be linked directly to student design project deliverables if deep learning is to 

occur). Their motivation to learn deeply becomes intrinsic.  The learning of materials is more 

likely to be deep when students are intrinsically motivated to make sense of materials in a 

relevant context (Fig. 2).  Without a requirement for action the learning is more likely to be 

surface or strategic rather than deep.  

 

Fig. 2 - Characterization of Capstone Chemical Engineering Design Students 



Proceedings of the 7th International Conference on Mechanics and Materials in Design 

 

 

-41- 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge assistance from Dr. Norma Nocente and Francisco 

Vargas, funding by The University of Alberta Provosts Digital Learning Committee. Funding 

from the sponsors of the Natural Sciences and Engineering Research Council Industrial 

Research Chair in Petroleum Thermodynamics (Alberta Innovates - Energy and Environment 

Solutions, BP Canada Energy Corporation, ConocoPhillips Canada Resource Corporation, 

Natural Sciences and Engineering Research Council of Canada (NSERC), Nexen Energy 

ULC, Shell Canada, Total E & P Canada, Virtual Materials Group Incorporated) is also 

gratefully acknowledged.  

 

REFERENCES 

[1]-Bain, K. What the Best College Teachers Do. Cambridge, MA: Harvard University Press 

2004. ISBN: 0-674-01325-5. 

[2]-Biggs, J., 1999. What the student does: teaching for enhanced learning.  Higher Education 

and Development 18(1):57-75. 

[3]-Bloom, B., Englehart, M. Furst, E., Hill, W., & Krathwohl, D. 1956. Taxonomy of 

educational objectives: The classification of educational goals. Handbook I: Cognitive 

domain. New York, Toronto: Longmans, Green. 

[4]-Cole, J. 1996. The two cultures revisited. The Bridge 26(3&4):15-21. 

[5]-American Society for Engineering Education (ASEE). 1994. Engineering Education for a 

Changing World. ASEE.  

[6]-Engineering Deans Council and Corporate Roundtable. Washington, D.C.: ASEE 

Engineering and Geoscience Professions Act. 2015. Section 1, p. 8 Queen’s Printer, Alberta. 

[7]-Everding-Wustl, G. 2004. Students learn more if they’ll need to teach others. Futurity. 

Retrieved from: http://www.futurity.org/learning-students-teaching-741342/. 

[8]-Hattie, J. 2009. Visible learning: a synthesis of over 800 meta-analyses relating to 

achievement. London; New York: Routledge. 

[9]-International Engineering Alliance. 2015. Best Practice in Accreditation of Engineering 

Programs: an Exemplar. IEA. http://www.ieagreements.org/. 

[10]-Jamieson, M.V., 2015. Application of Blended and Active Learning to Chemical 

Engineering Design Instruction, 2015 MSc. 

[11]-Jamieson, M.V., Shaw, J.M., 2016. Online Learning Element Design - Development and 

Application Experiences. Proc. 2016 Canadian Engineering Education Association (CEEA16) 

Conf. Paper 038; Dalhousie University; June 19 - 22, 2016. 

[12]-Jamieson, M.V., Shaw, J.M., 2016. Pre and Post Course Student Self Assessment of 

CEAB Graduate Attributes  - A Tool for Outcomes Assessment, Student Skill and Course 

Improvement. Proc. 2016 Canadian Engineering Education Association (CEEA16) Conf. 

Paper 037; Dalhousie University; June 19 - 22, 2016. 

[13]-National Research Council. 1997. Science Teaching Reconsidered: A Handbook. 

Washington, DC: The National Academies Press. doi: 10.17226/5287. 

[14]-National Research Council. 1995. Engineering Education: Designing an Adaptive 

System. Board on Engineering Education. Washington, D.C.: National Academy Press. 



Forum on Engineering Education 

 

 

-42- 

[15]-National Science Foundation (NSF). 1995. Restructuring Engineering Education: A 

Focus on Change. Report of an NSF Workshop on Engineering Education, June 6-9, 1994. 

NSF 95-65. Arlington, Va.: NSF. 

[16]-Nestojko, J.F., Bui, D.C., Kornell, N., Bjork, E.L. 2014. Expecting to teach enhances 

learning and organization of knowledge in free recall of text passages. Memory & Cognition 

42: 1038 -1048. doi:10.3758/s13421-014-0416-z. 

[17]-Novak, J. De, ed. 1987. Proceedings of the Second International Seminar on 

Misconceptions and Educational Strategies in Science and Mathematics. Ithaca, N. Y.:Cornell 

University. 

[18]-McDermott, L. 1991. Millikan lecture 1990: What we teach and what is learned - closing 

the gap. American Journal of Physics, 59, 301-315. 

[19]-Mayer, R.E., 1987. Educational psychology: A cognitive approach.  Scott Foresman & 

Co. 

[20]-Sarasvathy, S., Venkataraman, S. 2001. What Makes Entrepreneurs Entreprenurial? 

http://www.effectuation.org/paper/what-makes-entrepreneurs-entrepreneurial. 

[21]-Valyashko, V.M., 2002. Derivation of complete phase diagrams for ternary systems with 

immiscibility phenomena and solid-fluid equilibria. Pure Appl. Chem., Vol. 74, No. 10, pp. 

1871. 

[22]-van Konynenburgh, P.H.; Scott, R.L. Critical lines and phase equilibria in binary van der 

Waals mixtures. Philos. Trans. R. Soc. London 1980, 298, 495-540. 

[23]-Vygotsky, L. S. 1980. Mind in society: The development of higher psychological 

processes. Harvard university press. 

[24]-Wulf, W.A. 1998. The urgency of engineering education reform. The Bridge 28(1):15-

21. 

[25]-Zou, X.Y., Shaw, J.M., 2006. Phase behaviour of hydrocarbon mixtures. Encyclopedia 

of Chemical Processing, Taylor and Francis. DOI: 10.1081/E-ECHP-120040185. 



 

Proceedings M2D2017 
7th International Conference on Mechanics and Materials in Design 

Albufeira/Portugal, 11-15 June 2017 

CONFERENCE MAIN TOPICS 

(TRACKS) 



 

  

  



 

Proceedings M2D2017 
7th International Conference on Mechanics and Materials in Design 

Albufeira/Portugal, 11-15 June 2017 

TOPIC-A: Computational Mechanics 

FEM, BEM and Hybrid Methods 

Analysis of Structural Components 

Optimum Design Techniques 

Metal Forming and Metal Cutting 

Dynamics and Vibration 

Dynamic Loading of Structures 

Reliability Assessment 

Case Studies 
  



 

 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 
Publ. INEGI/FEUP (2017) 

-47- 

 
PAPER REF: 6454 
 
 

PREDICTION OF FAILURE ENVELOPES OF COMPOSITE 
LAMINATES BASED ON FINITE-VOLUME MICROMECHANICS 
 
Zhanwen Tang1(*), Wenqiong Tu2, Marek-Jerzy Pindera2 
1Aerospace Research Institute of Materials & Processing Technology, Beijing, China 
2Civil & Environmental Engineering Dept., University of Virginia, Charlottesville, VA, USA 
(*)

Email: tangzhanwen@163.com  
 
 
ABSTRACT 

The multiscale prediction of biaxial failure envelopes of symmetric composite laminates 
using lamination theory and micromechanics models called Parametric Finite-Volume Direct 
Micromechanics (FVDAM) theory and Generalized Method of Cells (GMC). The 
micromechanics models are used to predict the degraded properties of individual plies due to 
local fiber, matrix and interfacial damage. Initial and final failure surface predictions using 
FVDAM and GMC-based analyses are then compared. The FVDAM has the detailed stress 
field predictive capability, and the FVDAM-based predictions are conservative relative to the 
GMC-based predictions. 

Keywords: multiscale, GMC, FVDAM, failure envelope. 

 

INTRODUCTION 

While prediction of laminate failure envelopes based on macroscopic ply-level failure events 
is commonly employed in design calculations, it masks the various micro-level damage 
events that provide insight into the design of superior laminates. The multiscale laminate 
failure envelope approach developed by Tang and Zhang based on the generalized method of 
cells micromechanics (GMC) model and lamination theory has proved a viable tool in 
predicting failure envelopes of symmetric laminates under biaxial loading relative to the 
phenomenological approach. Herein, we incorporate an advanced homogenization model 
called finite-volume direct averaging micromechanics (FVDAM) theory into the multiscale 
laminate failure approach in order to mitigate poor GMC predictive capabilities when 
transverse shear is an important ply-level stress component. Comparison of the GMC-based 
and FVDAM-based laminate failure envelopes is carried out for several laminate 
configurations in order to delineate the limits of applicability of simple, yet efficient, spring-
like models such as GMC. 

 

RESULTS AND CONCLUSIONS 

Failure envelopes were generated for [0], [90/0]s, [0/±60]s and [90/±45/0]s laminates. For 
the unidirectional laminates the loading was applied in the σ22-σ12 and σ22-σ23 stress spaces, 
while for the multidirectional laminates the loading was applied in the laminate σxx-σyy stress 
space. In the case of unidirectional laminates, initial failure envelopes corresponded to the 
maximum failure envelopes due to the rapid propagation of matrix-dominated failure 
accompanied by the loss of load-bearing capability. The FVDAM-based predictions were 
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conservative relative to the GMC-based predictions, and the largest differences between the 
two micromechanics predictions occurred along the negative σ22 axis and positive and 
negative σ23 axes. This is illustrated in Fig. 1 for the [0/±60]s laminate where large 
differences in the initial failure envelopes are observed along the negative σxx and σyy 

directions. Axial shear stress fields in the principal material coordinate system of the 60 deg 
plies just before and after failure initiation are shown in Fig. 2 for the vertical load path, 
demonstrating the important differences between local GMC and FVDAM stress predictions. 

 
 

Fig. 1 - Homogenized failure envelopes obtained 
from GMC and FVDAM calculations for the [0 

/±60]s laminate. 

Fig. 2 - Local axial shear stress fields ( σ12 ) obtained 
from GMC (top) and FVDAM (bottom) calculations 

just before initial failure (left) and after (right). 

While GMC and FVDAM-based predictions of initial failure surfaces of unidirectional and 
multidirectional laminates differ due to FVDAM’s detailed stress field capability, differences 
in the final failure envelopes are small. Failure in unidirectional laminates under off-axis 
inplane loading is matrix and fiber/matrix interface dominated - this requires detailed stress 
field predictive capability. In contrast, multidirectional laminates exhibit progressive ply-level 
failure evolution which ultimately involves fiber breakage. Hence spring-like models such as 
GMC are adequate for this purpose. 
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ABSTRACT 

The objective of this work is to develop an overall experimental characterization programme 
and a FEM modelling routine that will allow for the accurate prediction of NBR (70) response 
under stress-strain conditions. Tensile (uniaxial) tests and Blow-Up tests were carried out 
together with optical 3D strain measurements and digital correlation image (DIC) processing. 
The experimental data was used for the calibration on an advanced 3D constitutive model 
using an inverse method calibration technique. The model prediction capability was then 
validated performing biaxial “Blow-Up” tests and contrasting the experimental results with 
finite element simulation predictions. 

Keywords: tensile test, blow-up test, computational simulation, finite element modelling. 

 

INTRODUCTION 

The ability to predict mechanical behavior of elastomeric materials is a technological problem 
still being solved (Hamdi 2006). In many applications, elastomeric components are subject to 
cyclic deformation and multiaxial stress state. Typical examples of these applications are car’s 
tires and engine supporter. In this type of applications mechanical properties are highly 
dependent on stress conditions such as temperature, frequency, strain rate and environment 
(Jerrams 2012). For these reasons, to develop new elastomeric components properly, it´s 
essential to model mechanical response of elastomeric materials under different stress states 
(Feng 2003). In the present work, both mechanical testing and computational modeling are 
used in order to obtain necessary information that clarifies phenomena observed 
(Balakhovsky 2012). 

 

RESULTS AND CONCLUSIONS 

The results from the tensile tests are shown in Fig. 1. Three different strain rates were 
implemented (Fig. 1a) and one loading-unloading cycle as well (Fig. 1b). The most significant 
difference in the mechanical behaviour of the elastomeric material is observed for a strain rate 
of 4 s-1. 

From the experimental curves the parameters of the constitutive model were fitted using the 
MCalibration software. Table 1 shows the results of the parameters corresponding to the 
Bergström-Boyce model (J. Bergström 2001). 
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a) b) 

 
 

Fig. 1 - Tensile test results, a) three different strain rates 0.04 s-1, 0.4 s-1, 4 s-1; b) Cyclic 
loading 

 
 

Table 1 - Constitutive model parameters 

Parameter Value 

µ  0.99 MPa 

Lλ  1.47 

κ  500 MPa 

ξ  0.0034 

C -0.98 

baseτ  23.9 MPa 

m 1.3 

ĉutτ  0.01 MPa 
 

 
                 Fig. 2 - FEM Model vs. experimental results 
 

This study shows that NBR 70 mechanical behavior is dependent on the strain rate and shows 
hysteresis when cyclic loading is applied. Further FEM analysis is being carried out in order 
to validate the results, Fig. 2.  
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ABSTRACT 

Incremental forming is a new technology considered as a promising process for the 
production of metal parts, which has the principle of locally deforming a sheet by means of a 
tool with a hemispherical end. The final shape of the part is generated by the trajectory of the 
tool which imposes an incremental deformation on the sheet, this article is the object of a 
study of the single-point incremental shaping process and more particularly to the numerical 
simulation of a pyramidal form under software of calculation by finite elements ABAQUS 
and are validation through experimental tests. 

Keywords: incremental forming, numerical simulation, ductile damage model. 

 

INTRODUCTION 

In recent years, incremental forming has been developed and presented as a strategic process 
in the manufacture of metal parts by shaping. Indeed, many small parts of complex shapes 
have to be manufactured in small series, thus making the cost of the equipment proportionally 
very important in relation to the overall cost of the part. Thus, the development of processes 
with low production costs seems interesting for the production of parts of small series or the 
manufacture of prototypes [1]. 

Numerical simulations based on the finite element method are very useful for the 
development of this method, such as vertical increment, tool geometry and shaping strategy 
on thickness distributions and deformation, Final form, as well as formability. In this context, 
Henrard et al. [2-3] carried out studies to propose the optimal approaches for numerical 
modeling to predict the process correctly. This study is also based on numerical simulations, a 
finite element analysis of the incremental forming process allowing to predict the evolution of 
the thickness of the sheet during the process as well as the final profile obtained. 

 
RESULTS AND CONCLUSIONS 

A 3D finite element model was established under the ABAQUS / Explicit calculation code. A 
series of numerical tests applied to the shape of a test case (pyramid shape) to validate the 
numerical model, comparisons between experiments and simulations were considered in 
terms of geometry and thickness evolution. For comparison and validation of the numerical 
procedure, the comparison of the overall geometry of the final part is one of the most 
important criteria for validating the numerical model figure 1 and figure 2. 
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Fig.1 - incremental forming operation A-experimental, b-numerical 

 

 
Fig. 2 - Comparison of theoretical, experimental and 

numerical profiles 
Fig. 3 - Numerical and experimental comparisons of 

thickness evolution 

 

The evolutions of the thicknesses are presented in figure 3 and show a good correlation 
between the experiment and the simulation. The global geometry obtained by numerical 
simulation is in agreement with that obtained by incremental shaping and the thickness 
evolutions confirm these observations. 
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ABSTRACT 

In this paper, an innovative hybrid mathematical/computational scheme is implemented to 
evaluate the energy harvested via structural vibration. The governing voltage differential 
equations of the piezoelectric composite beam are coupled with the NURBS-based 
isogeometric analysis (IGA). Numerical experiment has been done on piezoelectric composite 
beams with various thickness. High order IGA element has been proven less prone to the 
shear locking phenomena in the literatures. The results presented in this paper show greater 
accuracy on dynamic responses and energy estimation are obtained on a very thin beam by 
means of IGA compare to standard FEM. 

Keywords: piezoelectric, energy harvester, dynamic bending, NURBS, isogeometric analysis.  

 

INTRODUCTION 

In the past decade, the interest on the multifunctional structure for energy harvesting 
application has grown in a significant manner. The piezoelectric energy harvesting via 
structural vibration is the focus of the work presented in this paper. One of the earliest 
methodology to design the piezoelectric energy harvester was based on the mathematical 
model of a cantilevered piezoelectric under base excitation (Erturk & Inman, 2008). 
Numerous mathematical/computational models to investigate the energy harvested from 
piezoelectric structural vibration have been developed since. 

In the most recent review articles (Abdelkefi, 2016; Li et al., 2016), it can be seen that most of 
the proposed mathematical models were developed for flutter-based energy harvesters. To the 
authors’ knowledge, there are only a few articles proposed models for more operational 
loading conditions, i.e. gust loads on wing (Xiang et al., 2015; Tsushima & Wu, 2016; Bruni 
et al., 2017). In order to address more practical issue, a novel hybrid scheme for dynamic 
response-based energy harvester has been developed by Akbar and Curiel-Sosa (2016). These 
scheme conveniently coupled the piezoelectric beam voltage equation with the results of 
FEM. The solver used for the simulation was based on the explicit FEM (Curiel-Sosa & Gil, 
2009; Curiel-Sosa et al., 2013). The scheme has been well validated and implemented for 
complicated configuration, i.e. aircraft wingbox, under cruise load excitation. 

In this paper, further enhancement of Akbar and Curiel-Sosa’s model by means of coupling 
with isogeometric analysis (IGA) is presented. NURBS-based IGA is proven to produce more 
accuracy and more efficient computational process compared to standard FEM (Hughes et al., 
2005). Furthermore, NURBS-based IGA possesses the capability to construct high order 
elements, which is hardly suffer from shear locking phenomena (Thai et al., 2012). This is an 
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advantage in the case of piezoelectric structures or smart structures modelling. The smart 
structures which are usually thin-walled structures, can be modelled more conveniently. In the 
recent years, IGA shell elements itself has been well developed and applied for various 
structural mechanic problems, i.e. free vibration and buckling for laminated composites (Thai 
et al., 2012; Yu et al., 2016).   

In order to study the implementation of IGA elements for piezoelectric-based energy 
harvesting simulation, a novel investigation by means of high order IGA shell elements was 
carried out on piezoelectric composite beam with various thickness. Coupled with Akbar and 
Curiel-Sosa’s energy harvester model, the results show great accuracy both for the dynamic 
responses and energy estimations compared to classical FEM as presented in the following 
section of this paper. 

 

PIEZOELECTRIC ENERGY HARVESTER COMPOSITE BEAM MODEL 

Figure 1 shows the piezoelectric energy harvester model used in the present work. The model 
consisted of a composite beam with substrate layer and active layer, i.e. piezoelectric material 
(Akbar & Curiel-Sosa, 2016). The electrical field assumed to be developed only in thickness 
direction due to an applied bending load. 

 
Fig. 1 - Piezoelectric Beam Bending Energy harvester 

Equation 1 shows the governing voltage differential equation of the piezoelectric energy 
harvester composite beam (Akbar & Curiel-Sosa, 2016). The piezoelectric beam excited by a 
dynamic bending load with frequency � (rad/s). The load resulted in a mechanical 

displacement, i.e. bending slope 
��������  (rad), and a reverse piezoelectric effect, which 

represented by admittance function 	
� (rad/N-m). Connecting the beam with an external 
resistance load � (Ohm), harvested an amount of energy, i.e. voltage amplitude �(volt). The 
parameters Γ� and Γ� are consisted of the mechanical and electrical properties of the materials 
and the beam geometry, with � is the imaginary value, i.e. √�1. The interested reader is 
referred to Akbar and Curiel-Sosa (2016) for details of these parameters and the derivation.  

 

 

� � ������������������ !"#���!��� ��������$%����  (1) 
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NURBS-BASED IGA/ VOLTAGE EQUATION COMPUTATIONAL ALGORITHM 

In the present work, a computational code of NURBS-based IGA for shell elements is built 
via MATLAB®. The element is a composite shell based on first shear deformation theory 
(FSDT). The computational code follows the governing equations described by Thai et al. 
(2012). 

Following the algorithm scheme of Akbar and Curiel-Sosa (2016), IGA simulations were 
performed for both actual mechanical load and a dummy unit of bending moment at the tip of 
the beam. The responses due to the dummy bending moment load is used to calculate the 
admittance function of reverse piezoelectric effect. In order to obtain the energy harvested, 
input of the material properties, structural dynamic responses and admittance function were 
applied to the piezoelectric voltage equation along with the resistance load value.  Figure 2 
shows the schematic algorithm of the procedure. 

 
Fig. 2 - IGA and energy harvester simulation algorithm 

 

ALGORITHM AND SIMULATION 

Table 1 shows the material properties used in the present work. An 8 nodes biquadratic (Q8) 
FEM shell element, 9 nodes biquadratic (Q9) and 25 nodes biquartic (Q25) IGA shell 
elements are used for the numerical investigations. The computational model used 2 elements 
at y-direction (chordwise) and 12 elements at x-direction (spanwise) of the beam. Thus, the 
aspect ratio of the element kept to unity and the element length to thickness ratio is 7.15 for 
the original thickness shown in Table 1. 

In the present work, the thickness of the beam is varied to a very small number to investigate 
the shear locking effect. A thickness ratio parameter, h0/h, is used in the following sections. 
This ratio shows the original thickness ratio to the actual model thickness. For instance, h0/h 
=104 means the actual model thickness is 104 thinner than the original thickness shown in 
Table 1, and at this level the element length to thickness ratio will be more than 70000. 
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Table 1 - Bimorph piezoelectric energy harvester properties (Erturk & Inman, 2008) 

Properties Piezoceramics Substructure 

Length, L (mm) 30 30 

Width, b (mm) 5 5 

Thickness, h (mm) 0.15 (each) 0.05 

Density, ρ (kg/m3) 7750 2700 

Elastic Modulus, 1/S11 (GPa) 61 70 

Piezoelectric constant, d31 (pm/V) -171 - 

Permittivity, ε33 (nF/m) 15.045 - 

 

RESULTS AND DISCUSSION 

As mentioned in the previous section, the dynamic response of the structure is one of the main 
input to calculate the energy harvested. The biquartic IGA results of the first two mode shapes 
of the beam with original thickness are shown in Fig. 3 and Fig. 4. The 1st bending mode is 
shown in Fig. 3 and 2nd bending mode is shown in Fig. 4. Table 2 shows the comparison of 
the natural frequencies from IGA and FEM simulations with analytical results obtained from 
Erturk and Inman (2008). It is obviously seen from Table 2 that the results are all in a good 
agreement. 

Table 2 - Natural frequency (Hz) comparison 

Mode Shape Analytical FEM Q8 IGA Q9 IGA Q25 

1st bending 185.1 187.3 187.2 187.3 

2nd bending 1159.8 1172.5 1172.0 1172.5 

 
 
 
 

 
Fig. 3 - 1st mode shape eigenvector plot for beam with original thickness (h0/h =1) 
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Fig. 4 - 2nd mode shape eigenvector plot for beam with original thickness (h0/h =1) 

 
Meanwhile, Table 3 shows the comparison of the relative tip displacement of the beam with 
original thickness due to 1µm base excitation amplitude at the 1st resonance frequency. It can 
be seen that the results are all also in a good agreement. The biquartic IGA results for the 
beam with original thickness due to the base excitation load are depicted in Fig. 5 and Fig. 6. 
Fig. 5 shows the relative tip displacement amplitude at z-direction. As the excitation 
frequency equal with 1st bending mode, the displacement distribution follows the 1st bending 
mode shape such as shown in Fig. 3. The displacement angle at xz-plane (bending angle) is 
shown in Fig. 6, which also follows the 1st bending mode shape. 

 

Table 3 - Relative tip displacement (µm) comparison 

Excitation Frequency Analytical FEM Q8 IGA Q9 IGA Q25 

1st bending natural frequency 78.0 78.3 78.3 78.3 

 

 
Fig. 5 - Z displacement (bending) amplitude due to base excitation at 1st resonance 

frequency for beam with original thickness (h0/h =1) 
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Fig. 6 - XZ plane angle (bending angle) amplitude due to base excitation at 1st resonance 

frequency for beam with original thickness (h0/h =1) 

From the comparison in Table 2 and Table 3, both FEM and IGA simulation obtained close 
results compared to the analytical ones for the beam with original thickness. However, as the 
thickness of the beam becomes very thin, both FEM and IGA results are shifted away from 
the analytical results. It can be seen in Fig. 7 and Fig. 8 until the thickness of the beam is 103 
thinner than the original thickness, the results for both tip displacement and tip angle still 
show good agreement with the analytical results. At this level of thickness, shear locking 
phenomena has not yet occurred. 

Further decreasing the level of thickness to 104 thinner than the original thickness, the shear 
part of the element becomes more dominant to the bending part of the element, thus shear 
locking happened. It can be seen that the FEM results dropped significantly as the shear 
locking occurred. Even if the thickness become thinner, the shell elements tend to behave 
more like plane stress elements, thus exerted by a base excitation in z-direction will not 
resulted in a bending displacement. Meanwhile, IGA results for both biquadratic and biquartic 
elements still show good comparison with the analytical results at thickness ratio 104.   

 
Fig. 7 - Z displacement (bending) amplitude due to base excitation at 1st resonance 

frequency for beam with various beam thickness 
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Fig. 8 - XZ plane angle (bending angle) amplitude due to base excitation at 1st resonance 

frequency for various beam thickness 
 
 

Although the results start to get distorted, the IGA elements, are less prone to the shear 
locking phenomena. This results aligned with the results of Thai et al. (2012), where high 
order IGA elements had more resistance from shear locking. 

As the structural dynamic responses of for both FEM and IGA results are in good comparison 
with the analytical results, thus the voltage and power amplitude are all also in good 
agreement as shown in Fig. 9 and Fig. 10. The figures show biquadratic FEM and biquartic 
IGA results are just slightly overestimate the analytical results. This is aligned with the results 
of Akbar and Curiel-Sosa (2016), where the numerical results also slightly overestimate the 
analytical results. To be noted that the figures are in logarithmic scale, where the voltage and 
the power are normalized per unit of g (9.81 m/s2) and g2. Detailed explanation of this unit 
normalization can be found in Akbar and Curiel-Sosa (2016). 

  

Fig. 9 - Voltage amplitude vs resistance load for beam 
with h0/h =1 

Fig.10 Power amplitude vs resistance load for beam 
with h0/h =1 
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As the beam with thickness ratio 104 resulted in significant variance for structural dynamic 
response via FEM, thus the voltage and power responses are also giving huge variance and 
become unreliable. The variances not also coming from the dynamic response due to base 
excitation, but also from the forced bending moment response which required to calculate the 
admittance function of reverse piezoelectric effect. Fig. 11 and Fig. 12 show both for the 
voltage and power response, the results via FEM completely shifted from the analytical 
results curve. At resistance load less than 80 kΩ the FEM results underestimated the 
analytical results, while at more than 80 kΩ it overestimated the analytical results. 
Meanwhile, the IGA results just slightly underestimate the analytical results (less than 5% 
variance), aligned with the trend of the structural dynamic responses.  

  

Fig. 11 - Voltage amplitude vs resistance load for beam 
with h0/h =104 

Fig. 12 - Power amplitude vs resistance load for beam 
with h0/h =104 

 
For a standard linear (non-logarithmic) scale, Fig. 13 and Fig. 14 show clearer differences 
where the FEM results are shifted from the analytical results for both the voltage and power 
responses. Table 4 shows detailed comparison of the voltage and power response for all of the 
methods. It can be seen that FEM results overestimated the maximum voltage by almost twice 
of the analytical results. Although the maximum power seems just slightly overestimate the 
analytical results, however the resistance load that gives the maximum power is more than 
thrice the analytical results. 

Table 4 - Electrical parameter comparison at h0/h =104 

Electrical 

parameters 

Erturk-Inman model 

(Analytical) 

Akbar-Sosa model 

(Analytical) 

Akbar-Sosa model 

(IGA Q25) 

Akbar-Sosa model 

(FEM Q8) 

Max Voltage (V) 7.80e-09 7.80e-09 7.64e-09 ∆=2.05% 1.45e-08 ∆=85.9% 

Max Power (W) 4.35e-22 4.35e-22 4.17e-22 ∆=4.14% 4.55e-22 ∆=4.60% 

R at max Power (kΩ) 35.90 35.90 36.09 ∆=0.53% 125.07 ∆=248% 
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Fig. 13 - Non-logarithmic scale voltage amplitude vs 
resistance load for beam with h0/h =104 

Fig. 14 - Non-logarithmic scale power amplitude vs 
resistance load for beam with h0/h =104 

 

CONCLUSION 

A computational code has been developed to investigate structural vibration by means of high 
order NURBS-based IGA element. Following the scheme of Akbar and Curiel-Sosa (2016), 
the dynamic responses of the piezoelectric structure by means of IGA applied as the input to 
estimate the energy harvested via the piezoelectric beam voltage equation. The numerical 
investigations show superiority of IGA in terms of shear locking resistance compared to 
classical FEM. As the beam become very thin, the IGA still accurately estimated the 
structural dynamic response, while FEM results altered significantly. Hence, the energy 
responses for IGA also show good comparisons with the analytical results, while FEM results 
become unreliable.  

Based on these results, IGA coupled with Akbar and Curiel-Sosa’s piezoelectric energy 
harvesting model could be beneficial in terms of computational efficiency. Akbar and Curiel-
Sosa’s model gives fast estimation of the energy harvested at a preliminary design stage and 
the thin-walled structures could be conveniently modeled by means of IGA without the needs 
of very dense meshes or any additional correction feature, i.e. reduced integration, to avoid 
shear locking. 
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ABSTRACT 

In this work and in order to design a cTPS-Crushable Thermal Protection system for the ERC-
Earth Reentry Capsule, a numerical multiphysics approach was proposed and applied, 
supported by data obtained from a detailed thermomechanical material characterization plan.  

The proposed numerical methodology includes the relevant underlying physics of the ERC re-
entry, land impact and post-impact phases. Thus, three numerical simulations procedures were 
envisaged: 1) a thermal simulation of the ERC re-entry, 2) a dynamic analysis of the impact 
phase and 3) a post-impact thermal analysis. The output of each phase was used as initial 
conditions of the subsequent one. The cTPS and ERC conceptual design were validated by 
these in-depth thermal and structural simulations, which numerically confirmed all the system 
requirements fulfilling. 

Experimental drop-tests and thermal tests were considered and performed in order to check 
the structural, kinematical and thermal behaviour of the ERC and cTPS solutions proposed 
and its compliance with the numerical models and mission requirements. 

Keywords: crushable plasticity, atmospheric re-entry, ERC, cTPS-Crushable Thermal 
Protection System. 

 

INTRODUCTION  

The MSR and Phootprint (or Phobos Sample Return) mission will return samples from planet 
Mars and Mars moon Phobos, respectively. These samples will be transported in a bio-
container encapsulated in an Earth Re-entry Capsule (ERC) that will perform a hard landing 
on Earth. The ERC will be released from the Earth Return Vehicle (ERV) and re-enter earth’s 
atmosphere. The re-entry stage will subject the ERC to demanding thermo-mechanical loads. 

 Through all of the process the ERC will be responsible for ensuring the sample-container is 
below established levels of temperature and deceleration. Given these requirements, a 
crushable Thermal Protection System (cTPS) was developed in order to absorb both impact 
and thermal energy that the ERC will be subjected in the different atmospheric re-entry 
phases, while ensuring an aerodynamically stable behavior.  
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BACKGROUND AND OBJECTIVES 

Background 

Hard landing on earth of an ERC without the use of parachutes or propulsion systems is a 
very demanding thermomechanical situation for which the selected materials should be 
thermomechanical compliant with the mechanical and thermal efforts developed during all the 
re-entry phase. 

For the re-entry phase a TPS (Thermal Protection System) material is introduced in the ERC 
to limit the heat conduction to the cold structure from the ablative layer (NASA, 2017). Also 
it controls the temperature at the interface with the inner compartment (bio-container and 
beacons). In the case of passive landing it is needed an interface material that dissipate/absorb 
the kinetic energy controlling, simultaneously, the bio-container’s deceleration and 
maintaining the thermal conduction as low as possible. One way to control bio-container´s 
deceleration is the gradual compression of the interface material what could be achieved 
through the gradual compression of a crushable foam. 

A crushable thermal protection system, cTPS, shall perform simultaneously structural and 
thermal functions, according to the space application. The former requires the capability of: a) 
absorption of impact energy during landing; b) sustaining dynamic pressure induced loads 
during re-entry; and c) other mechanical requirements. The thermal function must provide the 
capability of: a) sustaining the aerothermodynamics heat loads during re-entry; b) keeping the 
sample canister (or bio-container) at a specified temperature; and, c) other thermal 
requirements. The crushable TPS system together should be able to protect the bio-container 
(see Figure 2.1) from high decelerations peaks and extreme temperatures during ERC’s re-
entry, impact and post-impact phases. 

Objectives 

The activities are developed under the ESA project: Design of a Crushable TPS for the ERC 
(TEC-MSS/2011/226/ln/IN) with the principal aim to investigate and design a multifunctional 
cTPS structure that act as a heat shield for planetary re-entry and brings an adequate impact 
response during hard landing. Two different ERC’s were considered for development. The 
first ERC is named MSR with an external diameter equal to approximately 1.5m and 
maximum weight varying in the range [120, 150] kg. For this geometry two types of thermal 
protection systems materials (varying material’s density and thermal properties) named LD-
TPS (low density) and HD-TPS (high density) were considered. The Phootprint ERC is a 
smaller version of the MSR’s ERC with 0.75m of external diameter and 30kg in maximum 
weight. 

Below are summarized the main objectives for the project: 

1) identify materials and mixed solutions for thermal and structural protection; 

2) material characterization for design concept and analysis; 

3) set up a conceptual solution for cTPS solution; 

4) design and built breadboard models for concept demonstration; 

5) reach to the TRL 3 level in the concept design and experimental 
demonstration; 

6) perform experimental tests to verify the proposed cTPS systems. 
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MAIN REQUIREMENTS AND SPECIFICATIONS 

In Fig. 1 is depicted a schematic representation of the ERC where it is visible the cTPS 
system is composed by: 1) the external TPS layer, 2) the primary structure and 3) a crushable 
material. 

 

 
Fig. 1 - A schematic representation of the ERC. 

 
Several requirements were considered for the conceptual design of the ERC. Below, are 
summarized some of the most important specifications whose compliance is detailed in 
subsequent sections of this document: 

1) Limit deceleration of the bio-container to less than 500.0 g’s (2000 g’s for 
Phootprint ERC with 800g’s as optimal value), considering an impact velocity 
of 40.0 m/s with 30º half-cone orientation; 

2) The average temperature seen by the bio-container is < 20.0 °C. The post-
impact phase duration is 2.0 hours; 

3) The in-service temperature range considered for the crushable material is [-20, 
170]ºC. 

 

MATERIAL SELECTION AND EXPERIMENTAL TESTS 

In this section are outlined the most relevant results obtained during the detailed experimental 
tests phase concerning the pre-selected materials. 

Crushable material pre-selection 

After a detailed bibliographic review and preliminary material tests (uniaxial compression and 
impact tests), three different materials (PMI51 (Evonik, 2016), PM110 (Evonik, 2016) and 
NL20 (ACC-Amorim Cork Composites, 2016)) were pre-selected as potential materials for 
use in the ERC. The PMI material correspond to a Rohacell® grade of Polymethacrylimide 
foam from Evonik Industries, while NL20® is a cork material from ACC-Amorim Cork 
Composites. 

Mechanical and thermal tests data 

The detailed material tests procedure compromise the following mechanical and thermal 
material tests: 

� Mechanical Tests 

1) Uniaxial compression (with strain rate and temperature dependence); 
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2) Tensile loading (with temperature dependence); 

3) Impact (with strain rate and temperature dependence); 

4) Shear (with temperature dependence); 

5) Thermal cycle; 

6) COF-Coefficient of friction (static and kinetic); 

7) De-pressurization. 

 

� Thermal Tests 

1) Thermal conductivity (with deformation dependence); 

2) Specific heat; 

3) Thermal expansion.  

 

Below is shown the compressive behaviour of PMI51 (WF grade) considering quasi-static 
(see Fig. 2a) and high strain-rate loading conditions (see Fig. 2b)). In Fig. 2a) it is well 
evidenced the long stress plateau (yield stress equal to approximately 0.75MPa for room 
temperature and quasi-static loading conditions) and, simultaneously, the low thermal 
dependency on mechanical properties evidenced by the PMI51WF foam. The reduced strain-
rate sensitivity of PMI51WF is depicted in Fig. 2b) for strain-rates ranging between 500s-1 
and 1000s-1.The long and well defined stress plateau together with the magnitude of the yield 
stress are important factors for the control of bio-container’s deceleration peak value. 

 

 
 

Fig. 2 - Uniaxial compression data for PMI51WF foam considering: a) different temperatures and quasi-static 
loading conditions (&'  = 0.00167s-1) and b) different strain rates and room temperature (T=23ºC). 

 

Fig. 3 depicts the influence of thermal cycling in the mechanical properties of PMI5WF. After 
512 thermal cycles in the range [-20, 70] ºC are not visible significant changes on the 
mechanical response of the material. 

The effect of permanent deformation and temperature in the thermal conductivity of 
PMI51WF is depicted in Fig. 4 where it is notorious the increase of thermal conductivity with 
the permanent (plastic) deformation level (()*) in result of the severe material densification 
due to the internal collapse of foam’s cell structure. 

 

a) b) 
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Fig. 3 - Effect of thermal cycling on the mechanical properties (response to impact) of PMI51WF. 

 

 

 

Fig. 4 - Thermal conductivity dependence with plastic (permanent) deformation. 

 

NUMERICAL ANALYSIS 

In this section will be highlighted the main aspects of numerical modelling of re-entry 
phenomena, including a summary of the results for each phase. In this section will be reported 
the main results obtained for the MSR (LD-TPS case) and Phootprint ERC’s. 

 

Numerical modelling workflow 

The numerical modelling workflow is summarized in Fig. 5. Three different modelling phases 
were considered: 1) Re-entry phase; 2) Impact phase and 3) Post-Impact phase.  

 

Geometries, structures and materials 

In Fig. 6a) is shown the geometry, and respective materials, considered for the MSR (LD-TPS 
case) and for the Phootprint’s ERC (in Fig. 6b)). Table 1 summarize the materials, and 
respective mechanical behaviour, considered for the numerical analysis. 
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Fig. 5 - Simulation data flow and strategy. 

 
 

  
 

Fig. 6 - ERC’s layout for a) MSR and b) Phootprint ERC. 
 
 

Table 1 - Materials considered and respective material behaviour. 

Structure: Material Mechanical behavior Temperature  
dependence 

TPS PICA like Elastic (isotropic) (Agrawal & 
Chavez-Garcia, 2011) 

On thermal properties 

Crushable material PMI51WF Crushable plasticity (Deshpande & 
Fleck, 2000) 

On thermal 
and 

mechanical properties 
Primary structure CFRP Elastic (orthotropic) 

+ 
Hashin’s damage law (Z, 1980)] 

On mechanical properties 

Biocontainer Titanium Fully rigid N/A 
Thermal barrier Cork (NL20) Hyperelastic 

(Hyperfoam N=3) 
On thermal 

 and 
mechanical properties 

Soil Dense sand (sieve 4) Elastoplastic 
(Mohr-Coulomb) (Geothecnical 

Parameters, 2015) 

N/A 

(a) (b) 
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Loads and boundary conditions 

Thermal loads, boundary conditions and thermal interactions considered for the uncoupled 
thermal analysis (re-entry phase) are seen in Fig. 7a). For the re-entry thermal analysis it was 
considered both radiation, convection and thermal conduction phenomena. Heat fluxes 

transients (+,-) applied to TPS external surface can be seen in Fig. 7b).  

 

 
 

 

Fig. 7 - Thermal loads and boundary conditions for MSR ERC in a) and incident heat flux in b). 

 

In Fig. 8 is shown the boundary conditions considered for the impact phase. The velocity 
vector magnitude was set to 40ms-1, deviated 30º from the normal-to-the-ground. Initial 
temperature field (./) was retrieved from the uncoupled heat transfer analysis relative to the 
atmospheric re-entry. For the post-impact phase (see Fig. 9), additionally to the thermal 
boundary and interactions considered for the re-entry phase, both solar radiation and thermal 
conduction between soil and ERC were considered. Additionally, a dedicated subroutine that 
account the relation between permanent deformation and thermal conductivity was considered 
for the uncoupled thermal simulation of the post-impact phase. 

 

 

 
Fig. 8 - Boundary and kinematic conditions 

considered for the impact phase. 
Fig. 9 - Thermal boundary conditions considered for 

the post-impact phase 

 

Thermal loads and boundary conditions considered for the Phootprint mission are similar to 
the ones described above. 

(a) (b) 

(a) (b) 
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RESULTS 

The final temperature field at the end of re-entry phase obtained for the MSR (LD-TPS case) 
can be seen in Fig. 10a). In Fig. 10b) is shown the nodal temperature transient obtained at the 
crushable material’s interface with primary structure (red line) and in a node near the 
container (blue line). 

 

 
 

 
 
Fig. 10 - Nodal temperature field (in degrees Kelvin) for: a) the MSR LD-TPS case (cross-section view) and b) 

temperature transient for a point near the container and at the crushable-material/primary-structure 
interface. 

 
The deformed configuration of the MSR’s ERC (LD-TPS) after impacting a deformable soil 
at 40ms-1 is shownin Fig. 11a). Deceleration and velocity components (axial-22 and 
transversal-33) and magnitude, at container’s centre-of-mass, is depicted in Fig. 11b). 
 
 

  
 
 
Fig. 11 - Nodal displacement (in meters) field (at t=10ms) for the MSR LD-TPS case (cross-section view) and b) 

deceleration and velocity transients, at container’s centre-of-mass for MSR ERC’s (LD-TPS) 
 
Temperature field obtained after 2h of heat transfer between ERC and atmosphere is shown in 
Fig. 12a). Thermal transient obtained, for two representative points (near the container-point 
A and at the interface between crushable material and primary structure-point B), is shown in 
Fig. 12b). The thermal results found on Fig. 12 consider the influence of material plastic 
deformation on the thermal conductivity of the crushable foam. 

In Fig. 13a) is visualized the three dimensional nodal temperature field (in a cross-section 
view) at the end of re-entry phase (t=440s). Temperature transients for points A and B and C 
are displayed in Fig. 13b). 

(a) (b) 

(a) (b) 
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Fig. 12 - Nodal temperature field for: a) the MSR LD-TPS case (cross-section view) after 2h post-impact and b) 
temperature transients for points A (blue line) and B (red line) considering the entire duration of the post-impact 

phase. 

 

 
 

 
 

Fig. 13 - a) Nodal temperature field (in Kelvin) for the Phootprint ERC case (cross-section view) and b) 
temperature transients for points A, B and at the interface primary-structure/TPS (point C). 

The deformed configuration of Photoprint’s ERC after impacting a deformable soil at 40ms-1 
is visiblein Fig. 14a). Deceleration and velocity components (axial-zz and radial-rr for a local 
cylindrical coordinate system) and the correspondent magnitude, at container’s centre-of-
mass, is shown in Fig. 14b). 
 

 

 

 
 
 

Fig. 14 - a) Nodal displacement (in meters) field (at t=4.13ms) for the Phootprint case; b) deceleration and 

A 

B 

(a) (b) 

(a) (b) 

(a) (b) 
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velocity transient (cylindrical coordinates), at container’s centre-of-mass. 
 
In Fig. 15a) is shown the nodal temperature field after 7200s (2h) of heat transfer during the 
post-impact phase. In Fig. 15b) is plotted the temperature transient for point A (near the bio-
container) and point B (interface cork/crushable material). 
 

  
 

 
Fig. 15 - a) Nodal temperature field for the Phootprint case (cross-section view) after 2h post-impact; b) 
temperature transients for a point near the container (blue line) and at the crushable material interface. 

 

BREADBOARDS AND EXPERIMENTAL PROCEDURE 

Breadboards construction 

In Fig. 16 and Fig. 17 are shown the full-scale breadboard and the half-scale breadboards, 
respectively, produced for the experimental tests. 

 

 
 

Fig. 16 - Full-scale breadboard demonstrator. Fig. 17 - Half-scale breadboard demonstrators for 
impact testing. 

 
The mass of each one of the breadboards manufactured was measured and registered in Table 
. 

 
Table 2 -  Total mass of full and half-scale breadboards. 

Full-Scale breadboard Half-Scale (1) breadboard Half-Scale (2) breadboard 

22.40kg 3.19kg 3.16kg 

 

A 

B 

(a) (b) 
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In Fig. 18 are summarized the main dimensions for the full-scale breadboard including the 
COG (Centre of Gravity) position.  

 
Fig. 18 - Full-scale breadboard dimensions and position of COG. 

 

Drop-tests (Kinematic tests) 

The breadboard drop-tests were achieved with the help of a special crane (see Fig. 19) that lift 
the breadboards to a maximum height equal to, approximately, 85m and 50m for the full and 
half-scales breadboards, respectively. An autonomous logger for measuring the container’s 
deceleration, was accommodated inside the steel container. The breadboards impacted two 
different type of soils, namely, dense sand and tarmac. The site for impact against deformable 
soil was duly prepared considering an impact with 15m in diameter and 0.5m height of sand 
(sieve 4) mixed with gravel. 

 

  
Fig. 19 - Crane used for breadboard drop-tests. 

 

Thermal tests 

The sensorisation of the breadboard for the thermal test considered the installation of 15 
temperature sensors around the bio-container and at breadboards as seen in Fig. 20 and Fig. 
21. A thermal loading profile was set ranging between 1 ºC and 80 ºC with an isothermal 
plateau at T=80 ºC, with 3.5 h of duration.  
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Fig. 20 - Thermopars positioned around the bio-

container. 
Fig. 21 - Temperatures sensors installed in the 

external surface of the breadboard. 
 

RESULTS 

Full-scale breadboard (Kinematic tests) 
A successful drop was achieved for the full-scale breadboard as shown in Fig. 22. The full-
scale breadboards were released from a height equal to, approximately, 85m achieving a 
terminal velocity equal to, approximately, 36ms-1. The breadboard terminal velocity was 
obtained through the analysis of high-speed camera images. 
 

  
Fig. 22 - Full-scale breadboard after impact. 

 
After recovering the breadboard the top shell of the breadboard was opened finding that the 
bio-container maintained its structural integrity not evidencing any sign of permanent 
deformation. A 45º slice was extracted from the breadboard (see Fig. 23) and used for the 
most relevant measurements. From Fig. 23a) it is possible to see the stroke (hs) suffered by 
the bio-container causing permanent deformation to the crushable material and the 
measurements taken after impact, reproduced in Table 3. 
 

  
 

Fig. 23 - In a) the section-cut of the full-scale breadboard (after impact) and in b) a 45º slice and 
respective measured variables. 

(a) (b) 
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Table 3 - Variable nomenclature and experimental measurements. 

Variable Meaning Value (mm) 
hc Bio-container’s height 150 
hs Bio-container’s stroke 95 
hr Nose-tip stroke 110 

hrm Remaining crushable material 75 
ht Available stroke 205 

 
Half-scale breadboard (Kinematic) 
The half-scale breadboards were dropped-off from a height equal to approximately 51m 
achieving a terminal velocity equal to, approximately, 26ms-1. Two different types of soil 
were considered for the impact of the half-scale breadboards: dense sand and tarmac as shown 
in Fig. 24. 

  
Fig. 24 - Impact against: dense sand (left) and tarmac (right). 

For the two half-scale breadboard’s it was possible to monitor the bio-container’s deceleration 
via the autonomous logger installed inside the bio-container. In Fig. 25 and Fig. 26is 
displayed the bio-container’s deceleration components obtained for impact against tarmac 
(rigid soil) and dense sand, respectively. It should be noticed that the XX component of the 
acceleration logger is aligned with the direction of impact. 

For the impact against rigid soil (Tarmac) the deceleration peak is obtained for the XX 
component with a value equal to, approximately, 1000g’s. The other deceleration components 
are not meaningful in comparison with the axial (XX) component. The deceleration peak 
obtained for the impact against dense sand is inferior, corresponding to, approximately, 
900g’s. For this case in particular is also visible a rise in the deceleration values for the ZZ 
deceleration component resulting from a slight inclination of the ERC due to the soil 
irregularity at the impact site. 

 
Fig. 25 -  Bio-container’s deceleration transient for half-scale breadboard impacting against tarmac. 
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Fig. 26 - Bio-container’s deceleration transient for half-scale breadboard impacting against dense sand. 

 

Thermal Tests 

Data in Fig. 27 compare the thermal behavior of the breadboard (half-scale) before and after 
impact, in order to quantify the dependence of the breadboard’s thermal response with the 
permanent deformation of the crushable material. It is observable a slight change on the 
thermal response of the ERC after suffering impact. 

 

 
Fig. 27 - Thermal performance comparison: data before (continuous line) and after (dashed line) impact. 

 

CORRELATION EXPERIMENTAL/NUMERICAL DATA 

Full-scale breadboard (Kinematic) 

Several correlations studies were performed in order to check the accuracy of the proposed 
numerical models, including the direct comparison of structural variables obtained from the 
45º slice (see Fig. 23), such as bio-container’s stroke and other relevant variables. Fig. 28, 
through the superposition of the deformed configurations obtained numerically an 
experimentally, resumes quite well the good agreement obtained between numerical and 
experimental data. 
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Fig. 28 - Visual comparison of simulated and experimental results (superposition of 

numerical and experimental results). 
 

Table 4 - Measured variables and correlation with numerical results. 

Variable Experimental Numerical Relative error 

hs (mm) 95.0 87.4 8.6% 

hr (mm) 110.0 114.1 -3.6% 

hrm (mm) 75.0 79.7 -5.8% 

Soil (mm) 140.0 133.4 4.9% 

 

Half-scale breadboard (kinematic) 

In Fig. 29 is depicted the comparison of deceleration transients obtained experimental and 
numerically, for an initial velocity set to approximately 26 ms-1, in accordance with the 
velocity measured experimentally. Also, and for same impact velocity is shown in Fig. 30, the 
bio-container’s deceleration transient obtained during the impact against dense sand. 
 

 
Fig. 29 - Bio-container’s deceleration transient for impact against rigid soil. 
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Fig. 30 - Bio-container’s deceleration transient for impact against dense sand. 

 
The experimental and numerical deceleration transients, for the different impact situations, 
compare quite well as can be observed in Fig. 29 and Fig. 30. In fact, both the deceleration 
peak values, the time duration of impact transient and the shape of the deceleration profile 
obtained numerically have a very good correlation with the deceleration results obtained 
experimentally. 
 
Half-scale breadboard (thermal) 
In Fig. 31 is shown the comparison between numerical and experimental thermal results 
obtained for six relevant temperature sensors considering convective heat transfer coefficients 
equal to h=50 Wm-2K-1. The temperature sensors nomenclature and respective positions are 
coherent to the reported experimentally. 
 

 
Fig. 31 - Comparison of numerical and experimental results for h=50Wm-2K-1. 
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The correlation obtained for the thermal tests is fairly good with some discrepancies in one of 
the thermopars considered (TC 15 is an example) due, possibly,  to the difficulty in 
establishing a coherent relation between the real position of sensor TC15 (positioned inside 
the breadboard before the thermal test) and the coordinates of the monitored node in the 
numerical model. 

 

CONCLUSIONS 

The activities covered by the cTPS project have as a final result the design, manufacturing 
and test of a ERC capable of: 1) providing an adequate thermal response during atmospheric 
reentry, 2) maintaining the ERC’s structural integrity while controlling the deceleration values 
at the bio-container during impact against both deformable and rigid soil and 3) maintaining 
the bio-container temperature bellow a specified temperature during a specific period of time, 
for the post-impact phase. 

The design of the cTPS structure (for both the MSR and Phootprint missions) was supported 
by the intensive use of numerical techniques that, through the modelling of the 
thermomechanical behaviour of the cTPS systems proposed, allowed the design optimization 
of several design concepts for the ERC including aspects related with material selection 
procedures. 

Material pre-selection tests were conducted and responsible for the selection of several 
potential materials for the cTPS system. The preselection was based on material data obtained 
from different bibliographical sources, producer data and preliminary tests performed by the 
consortium. In sequence, a detailed material characterization plan that included uniaxial 
tensile, uniaxial compression and shear tests with strain-rate and temperature dependence 
were performed. Also, thermal tests that included thermal conductivity (with permanent 
deformation dependence), specific heat and thermal expansion were led. The detailed 
characterization tests were performed on the pre-selected materials allowing a complete and 
coherent description of its thermomechanical capacities. Simultaneously, the material data 
served as an input to the calibration of constitutive models. 

The cTPS concepts were tested in representative conditions through drop and forced thermal 
convection tests. The sensorisation scheme considered for the breadboard allowed the 
extraction of kinematic (bio-container’s deceleration) and thermal data, used to, 
simultaneously, check the structural integrity of the breadboard (and bio-container) and 
correlation with data obtained from numerical models in order to check accessing its 
applicability. 

As a final conclusion it can be stated that: 1) a valid cTPS concept (design and material 
selection) was proposed and duly tested, 2) thermomechanical data of several crushable 
materials were obtained and reported in detail, 3) thermomechanical numerical models that 
reproduce coherently the underlying physics of the different phenomena involved in an 
atmospheric re-entry process were made available and 4) experimental data concerning drop-
tests and thermal tests confirm the adequacy of the design proposed and the quality of the 
results obtained numerically. 
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ABSTRACT 

Based on the Hamilton principle, the dynamics and the flutter characteristics of three-
dimensional variable-stiffness composite laminates under supersonic flow were investigated. 
The von-Karman large deflection strain-displacement relationship and the piston theory were 
employed to account for the structural and aerodynamic nonlinearities, respectively. The 
natural frequency and the flutter of composite laminates were computed by finite element 
method, and the impacts of temperature, boundary conditions and ply orientations of 
curvilinear fibers on flutter were discussed. The results indicate that thermal load and 
boundary condition have a significant effect on the flutter boundary. It also turned out that the 
dynamics and flutter of variable-stiffness composite panels can be modified by varying the 
fiber orientation angle. 

Keywords: thermal flutter, tow-steered variable stiffness composite laminate, 
curvilinear fiber path. 

 

INTRODUCTION 

Traditionally, straight fiber placement (Fig. 1) [1] is used in fiber reinforced composites 
manufacturing technology, which means the fiber orientation angle within one ply is constant. 
However, with the advancement of modern fabrication technology, such as automated fiber 
placement techniques, it is technically feasible and economically affordable to produce 
laminates with continuously varying fiber orientation angle. The fiber stiffness properties 
within a ply can be varied as fiber orientation varying continuously. Variable-stiffness 
composites (Fig. 2) have drawn much attention for their outstanding designability, weight 
reduction and cost saving.  

 

 

Fig. 1 - Composite laminate with straight fibers 

 

Fig. 2 - Composite laminate with curvilinear fibers 
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As for mechanical properties of tow-steered variable-stiffness composite laminates, most 
studies mainly focus on buckling. The curvilinear fiber format was first put forward by 
Hyer[2,3] to substitute for straight fiber in order to improve the mechanical properties of plate 
with holes. Subsequently, Gürdal [4-7] proposed the concept of tow-placed variable-stiffness 
composites and took the residual thermal stresses produced by solidification into account. The 
results showed that compared with the traditional composite laminates, the buckling behaviors 
of variable-stiffness ones were much better. Wu [8, 9] analyzed the buckling and post 
buckling of curvilinear fiber composites with numerical simulation method. 

The researches on aeroelastic about tow-steered variable-stiffness composites have received 
relatively little attention. Stodieck [10, 11] studied aeroelastic behavior of rectangular wing. 
Tow-steered composites were used to tailor the aeroelastic behavior, and they showed a good 
performance over traditional unidirectional composite laminates. Stodieck [12]  assessed the 
potential wing weight savings of a full-size aeroelastically tailored wing.  It turned out that the 
mass reductions of optimized tow-steered laminates were much better than optimized straight-
fiber composites. Haddadpour [13] investigated the aeroelastic design of composite wings 
with curvilinear fiber which were modeled as thin-walled beams, and optimized the wing with 
a linear spanwise variation of the fiber orientation to maximize aeroelatic instability speed 
purpose. It indicated that aeroelastic stability of variable-stiffness wings were improved 
compared with conventional, constant-stiffness ones. Stanford [14] studied aeroelastic 
tailoring of a cantilevered flat plate in low-speed flow, located the Pareto front between static 
aeroelastic stresses and dynamic flutter boundaries using a genetic algorithm and compared 
curvilinear fiber steering with straight ones. 

Researches on panel flutter were first launched in 1950s. Theoretical analyses were firstly 
carried out by Miles [15] and Jordan [16]. Xue [17, 18] analyzed nonlinear flutter of two and 
three dimensional composite panels with arbitrary temperatures. Kouchakzadeh[19] examined 
nonlinear aeroelasticity of a general laminated composite plate in supersonic air flow, and 
studied the effects of in-plane force, static pressure differential, fiber orientation and 
aerodynamic damping on the nonlinear aeroelastic behavior of the plate. Culler [20] analyzed 
panel flutter of von Karman panel considering fluid-thermal-structural coupling. It indicated 
that including elastic deformations in the aerodynamic heating computations resulted in 
nonuniform heat flux, and it also impacts flutter boundary predictions and nonlinear flutter 
response. 

This paper focuses on aeroelasticity of tow-steered variable-stiffness composite laminates. 
The natural dynamic and flutter under supersonic flow were studied. The von-Karman large 
deflection strain-displacement relationship and the piston theory were employed to account 
for the structural and aerodynamic nonlinearities, respectively. The natural frequency and the 
flutter of composite laminates were computed, and the impacts of various parameters, such as 
temperature, boundary condition and ply orientations upon the thermal flutter performance of 
variable-stiffness composite laminates were quantified. 

 

REFERENCE PATH OF CURVILINEAR FIBER 

The ply orientations of each ply in tow-steered variable-stiffness composite laminates vary as 
the position varying continuously. It is assumed that fiber orientation within a layer varies 
linearly from the center of a rectangular plate, with length a and width b, which locates the 
origin of the Cartesian coordinate system, Fig. 3. The notation of <T0|T1> defines a fiber 
orientation like Eq.(1). 
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Fig. 3 - Definition of curved fiber 
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1．．．． THERMAL FLUTTER EQUATION OF COMPOSITE LAMINATES  

Based on von-Karman’s assumption, the large deflection strain-displacement relationship is 
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where 000 wvu ，， are the displacements of the mid-plane in the x, y and z directions, 

respectively; xθ and yθ  are rotation in the yz and xz planes respectively. 

The stress-strains relations with the consideration of thermal effect are as follows: 
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where [ ]Q  and [ ]SQ  are the reduced stiffness matrix; T∆  is temperature change, and  

{ } [ ]{ }αα εT=  is coefficient of thermal expansion. 

For { } { } { }
mbm 0

0 εεε += , the constitutive relations are  
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where [A], [B] and [D] are stiffness matrices; [AS] is shear stiffness matrix; { }TN∆  and 

{ }TM ∆  are thermal in-plane load and moment vectors; { }{ }{ }RMN ，，  are in-plane load, 
moment, and transverse load vectors, respectively. 

The aerodynamic load is assumed to be that of two-dimensional quasi-steady supersonic 
piston theory 
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where 12 −= Maβ ; 
2

2
∞=

v
q aρ

is the dynamic pressure; aρ  is the air density; ∞v  is the air-

stream velocity and Ma is Mach number. 

Based on principle of virtual work, the equation of motion can be obtained 
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where [ ]M  is mass matrix; [ ]C  is aerodynamic damping matrix; [ ]aK  is aerodynamic 

stiffness matrix; [ ]LK  is linear elastic stiffness matrix; [ ]TK∆  is thermal stiffness matrix; [ ]1N  

and [ ]2N  are the first and second order nonlinear stiffness matrices due to large deflection, 

respectively. { }w  is the displacement vector; { }TP∆  is thermal load vector. 

Generally, thermal panel flutter analysis is based on the following three assumptions: 1) the 
static deformation of the panel does not affect temperature distributions; 2) the response time 
of temperature field variation is much less than that of flutter response, hence, the temperature 
field is considered as constant during the thermal flutter analysis; 3) the effect of temperature 
on mechanical properties of materials is out of consideration. 
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Based on these assumptions, thermal panel flutter can be proceeded as follows: for purpose of 
introducing thermal stiffness produced by thermal stress into equivalent stiffness matrix, 
thermal loads are included in finite element analysis; and a time domain approach is used to 
perform flutter analysis of heated plates under supersonic flow afterwards. 

 

THERMAL FLUTTER ANALYSIS OF COMPOSITE LAMINATES 

Material properties of composite laminate in this study are given in Table 1. The dimensions 
of the plate are given as: b*a=0.3m *0.2m.  The plate is comprised of 8 layers, and lamination 
scheme is [0/90/<T0|T1>/<-T0|-T1>]s. The composite plate is clamped at all edges. 

The non-dimensional aerodynamic pressure λ and frequency ω* are introduced as follows 
[21]: 

Dta
MaD

qa
/,

1

2 4*

2

3

ρωωλ =
−

=                                          (10) 

Where D is rigidity of panel ( 3
2tED = ). 

 

Table 1 - Material properties of composite laminate 

E1 155GPa α1 -0.07×10-6℃-1 

E2 8.07GPa α2 30.1×10-6℃-1 

G12 4.55GPa ρ 1550kg/m3 

µ12 0.22 Ply thickness 0.15mm 

 
 

NATURAL MODES OF VIBRATION 

In this section natural frequencies are given because of the close relationship between 
dynamics and flutter characteristics. The lamination scheme is [0/90/<T0|T1>/<-T0|-T1>]s, 
and two kinds of fiber orientation are considered as examples: 1) T1=45 is constant, T0 is in 
the ascending order and the value of grads is constantly 5 from 0 to 45 degree; 2) T0=45 is 
constant, T1 is in the ascending order and the value of grads is constantly 5 from 45 to 90 
degree. The effects of fiber orientations on natural frequency are shown in Table 2-3. 

 

Table 2 - Natural frequency of composite laminates with various fiber orientation angles at the root (T0) 

T1=45 T0=0 T0=5 T0=10 T0=15 T0=20 T0=25 T0=30 T0=35 T0=40 T0=45 

Mode 1 269.81  269.62  269.34  268.98  268.56  268.09  267.59  267.08  266.57  266.09  

Mode 2 348.24  348.80  349.43  350.12  350.89  351.71  352.59  353.52  354.50  355.50  

Mode 3 517.81  519.01  520.46  522.18  524.17  526.45  529.02  531.89  535.04  538.43  

Mode 4 710.86  709.05  707.06  704.94  702.71  700.41  698.08  695.75  693.43  691.18  

Mode 5 756.53  755.88  755.32  754.82  754.33  753.79  753.13  752.30  751.23  749.92  

Mode 6 775.36  776.95  778.94  781.39  784.34  787.85  791.95  796.67  801.99  807.85  
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Table 3 - Natural frequency of composite laminates with various fiber orientation angles at the tip (T1) 

T0=45 T1=45 T1=50 T1=55 T1=60 T1=65 T1=70 T1=75 T1=80 T1=85 T1=90 

Mode 1 266.09 265.15 264.33 263.63 263.05 262.58 262.20 261.89 261.63 261.40 

Mode 2 355.50 355.20 354.91 354.65 354.41 354.20 354.01 353.85 353.72 353.61 

Mode 3 538.43 539.14 539.81 540.45 541.07 541.67 542.25 542.83 543.42 544.03 

Mode 4 691.18 688.33 685.80 683.62 681.79 680.26 679.00 677.96 677.09 676.36 

Mode 5 749.92 747.60 745.44 743.46 741.67 740.06 738.63 737.34 736.21 735.22 

Mode 6 807.85 809.59 811.29 812.96 814.61 816.24 817.85 819.46 821.08 822.71 

 

The effect of different T0 or T1 on natural frequency of tow-steered variable stiffness 
composite laminates can be seen from Table 2-3. As T1=45 is constant and T0 is in the 
ascending order, the first, fourth and fifth order natural frequency is descending while the 
second, third and six order natural frequency is ascending. As T0=45 is constant and T1 is in 
the ascending order, the first, second, fourth and fifth order natural frequency is descending 
while the third and six order natural frequency is ascending. The results indicate that the 
natural modes of vibration of variable-stiffness composite laminates can be changed by 
varying fiber orientations. 

 

MODE COALESCENCE IN TOW-STEERED COMPOSITE LAMINATES 

In this section mode coalescence in tow-steered composite laminate with different ply 
orientations is given. Fiber orientation angles are as follows: [0/90/<0|15>/<0|-15>]s, 
[0/90/<0|30>/<0|-30>]s, [0/90/<0|45>/<0|-45>]s,  [0/90/<15|45>/<-15|-45>]s, [0/90/<30|45>/<-
30|-45>]s, [0/90/45/-45]s. Fig.4 shows the first and the third mode coalesce both with straight 
fibers and curvilinear fibers. The mode coalescence changes little as the change of fiber 
orientation angles in tow-steered composite laminates as shown in fig.4.  

 

 
Fig. 4 - Mode coalescence in flutter analysis of composite laminates with curvilinear fibers 
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3.3 EFFECT OF TEMPERATURE 

Effect of temperature on the flutter dynamic pressure with both curvilinear fibers 
[0/90/<30|45>/<-30|-45>]s and straight fibers [0/90/±45]s is presented in Fig.5. Accordingly, 
the effect of temperature on non-dimensional dynamic pressure is significant both in 
composite laminates with curvilinear fibers and straight fibers. The increasing thermal loads 
result in the direct decrease of non-dimensional dynamic pressure as shown in Fig. 5. 

 

 
Fig. 5 - Effect of temperature on non-dimensional flutter dynamic pressure 

 

3.4 EFFECT OF BOUNDARY CONDITION 

The effect of boundary condition on flutter dynamic pressure is investigated in this example. 
Fig. 6 shows the non-dimensional flutter dynamic pressure for two different boundary 
conditions: clamped and simply supported at all edges. For all fiber orientations, the boundary 
conditions result in significant changes of flutter boundary. The composite laminate with 
more restrained boundary condition is more stable as expected. The non-dimensional flutter 
dynamic pressure of clamped plate is much higher than that of simply supported plate as 
shown in Fig. 6. 

 

 
Fig. 6 - Effect of boundary condition on non-dimensional flutter dynamic pressure 
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3.5 EFFECT OF PLY ORIENTATION 

The effect of ply orientation on flutter dynamic pressure is studied in this section. The 
lamination scheme of the plate is [0/90/<T0|T1>/<-T0|-T1>]s and two kinds of fiber 
orientation are considered as examples: 1) T1=45 is constant, T0 is in the ascending order and 
the value of grads is constantly 5 from 0 to 45 degree; 2) T0=45 is constant, T1 is in the 
ascending order and the value of grads is constantly 5 from 45 to 90 degree.  

 

 
 (a) Non-dimensional flutter dynamic pressure with various fiber orientation angles at the root (T0) 

 
 (b) Non-dimensional flutter dynamic pressure with various fiber orientation angles at the tip (T1) 

Fig. 7 - Effect of fiber orientation angle on non-dimensional flutter dynamic pressure of 
composite laminates with curvilinear fibers 

 

Effect of fiber orientation on non-dimensional dynamic pressure of curvilinear fiber 
composite laminates with various fiber orientation angles is shown in Fig.7. As T1=45 is 
constant and T0 is in the ascending order, the non-dimensional flutter dynamic pressure is 
descending. As T0=45 is constant and T1 is in the ascending order, the non-dimensional flutter 
dynamic pressure is descending. The results indicate that the non-dimensional flutter dynamic 
pressure of variable-stiffness composite laminates can be changed by varying fiber orientations. 
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RESULTS AND CONCLUSIONS 

A supersonic flutter analysis of variable stiffness composite laminated plates with curvilinear 
fibers was performed. The von-Karman large deflection strain-displacement relationship and 
the piston theory were employed to account for the structural and aerodynamic nonlinearities, 
respectively.  The effects of using variable-stiffness composite laminates instead of traditional 
composite laminates on natural modes and panel flutter were investigated and impacts of 
temperature, boundary conditions and ply orientations of curvilinear fibers on flutter were 
discussed. The following points can be concluded:  

(1) The natural frequency of tow-steered composite laminates varies as the T0 or T1 varying. 
The natural modes of vibration of variable-stiffness composite laminates can be changed by 
varying fiber orientations. 

(2) The effect of fiber orientation angles in tow-steered composite laminates on mode 
coalescence is insignificant. 

(3) The increasing thermal loads result in the direct decrease of non-dimensional dynamic 
pressure both in composite laminates with curvilinear fibers and straight fibers. 

(4) For all fiber orientations, the non-dimensional flutter dynamic pressure of clamped plate is 
much higher than that of simply supported plate. 

(5) The flutter dynamic pressure of tow-steered composite laminates varies as the T0 or T1 
varying. The non-dimensional flutter dynamic pressure of variable-stiffness composite 
laminates can be changed by varying fiber orientations. 

The results show that thermal loads and boundary conditions result in significant influence on 
flutter boundary under supersonic flow. The designability of curvilinear-fiber composites is 
better than that of straight-fiber panels. The flutter speed of variable-stiffness composite 
panels can be modified by varying the fiber orientation angle. 
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ABSTRACT 

This work analyses the wave propagation in a kind of phononic crystals composed by vertical 
beams distributed over a plate substrate. Three different configurations for the arrangement of 
the beams have been analysed: square, triangular and hexagonal. A dimensional analysis of 
the problem points out the presence of three dimensionless groups of parameters which 
control the response of the system. Illustrative examples of the effect of these dimensionless 
groups are presented. 

Keywords: phononic crystal, lattice structure, Bloch’s theorem, dimensional analysis. 

 

INTRODUCTION 

It is well known that some periodic arrangements of structural elements are able to promote 
directivity in wave propagation or even to cancel it at certain ranges of frequencies (bandgap). 
A system with these properties, composed by ZnO nanocrystals clamped to a sapphire 
substrate (see Fig. 1) was analytically analysed by Eremeyev et al. (2007). It was found that 
the eigenfrequencies of the system were a combination of the eigenfrequencies of a single 
nanocrystal and those of the substrate. The above system has potential applications related to 
nanosensors and gas sensing. Therefore, the control of the location and width of the bandgaps 
is a key design issue of the phononic crystal structures to achieve a desired performance 
related to a specific application. In this respect a complete knowledge of the parameters 
affecting its dynamical behaviour is required. The dynamic behaviour of the system has been 
analysed considering it as a lattice structure, permitting the use of the Bloch's methodology. 
Slender beams and small substrate's thickness-to-beam's length ratio has been considered. 

 
 
 
 
 
 

 
 
In this work, we present a complete dimensional analysis based on the problem formulation of 
Eremeyev et al. (2010) to uncover the dimensionless groups affecting the dynamical 
behaviour of the system. Moreover some illustrative examples of the influence of the different 
groups are presented. 

Fig. 1 - Sketch of the studied phononic crystal 
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1∗ ≡ Beam’s linear density  1  ≡ Substrate’s surface density  3   ≡ Beam’s length  4		≡ Substrate’s characteristic length 6		≡ Beam’s stiffness 7		≡ Substrate’s stiffness 

Fig. 4 - Evolution of first bandgap  

Table 1 - Dimensionless Groups  

RESULTS AND CONCLUSIONS 

The dimensional analysis of the problem formulated by Eremeyev et al. (2010) reveals three 
dimensionless groups of variables governing the dynamic behaviour of the lattice (see Table 
1). To show illustrative examples of the influence of these groups, a FE model of the unit cell 
of the square configuration lattice has been analysed. Taking advantage of the Bloch’s 
theorem, the numerical results are shown in Fig. 2 to 4. The band structure, wave number-
dimensionless frequency plot, shown in Fig. 2 gives information about the location and width 
of the bandgap. The directionality of the wave propagation is presented in Fig. 3. 

                           
Fig. 2 - Band structure                                Fig. 3 - Group velocity 

Fig. 4 shows the evolution of the mean value and width of the first bandgap for a range of Ai, 
which are the dimensionless groups involving geometrical and mechanical properties of the 
phononic crystal. 

  

 

 

 

 

 

 

The results show that the most relevant group is A2, which corresponds to the ratio 
characteristic length of unit cell - length of crystal. As A2 approximates to zero, the width of 
the bandgap reduces to zero. This is because the limit case A2 � 0 is equivalent to a dense 
distribution of beams, which prevents the existence of bandgaps. The other configurations 
studied (triangular and hexagonal) lead to the same qualitative results. 
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ABSTRACT 

This paper presents the results of complex FEA simulation research, which purpose was to 
evaluate influence of gearbox assembly errors on stress distribution in gear meshing zone. 
Review of the most common assembly errors and reasons of their appearance was described. 
Description of assumed simulation parameters like: geometry of tooth, number of teeth, gear 
ratio, centre distance and material of helical spur gear, loads and modelling methods of 
assembly errors were presented. In the end of paper, results of FEA simulation and their 
interpretation were described.  

Keywords: assembly errors, FEA simulation, tooth geometry, stress distribution. 

 

INTRODUCTION 

Nowadays, the use of spur gears in power and torque transmission systems is widespread in 
mechanical industry. The reason for this are numerous advantages of gear train, among which 
the most important is high efficiency, tight structure and stable speed ratio [Palermo et. al. 
2013; Zhou et. al., 2014].  However, even though that use of gear train is quite common these 
days, there are many issues that must be taken under consideration during gear designing 
process. Among them the most important is to assure the proper meshing contact of gears. 
That is very complex dynamic problem that can be significantly affected by many factors 
[Liasa et. al., 2013; Tsay, 1998]. One of these factors are assembly errors which may 
contribute to substantial decrease in gear train durability and significant drop of its 
performance, due to occurrence of kinematic transmission errors.  

Assembly errors in gear transmission are caused by numerous inaccuracies that occurred in 
production process. These errors results in undesirable displacements which should be 
understood as a deviations in terms of the relative position and orientation between theoretical 
assembly and real assembly that actually happened.  As it is stated in [ Palermo et. al. 2013; 
Houser], existence of assembly errors in gear transmission lead to the various types of teeth 
mesh misalignment which can be divided into the following categories: 

- radial misalignment (known also as parallel misalignment in the offline plane of action, 

- parallel misalignment in the plane of action, 

- angular misalignment in the plane of action, 

- angular misalignment in the offline plane of action.  
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Fig. 1 - Gear reference system for misalignment definition [Palermo et. al. 2013; ISO 6336-1] 

 
According to the state of art in the field of assembly errors influence on gear transmission 
[ISO 6336-1, Palermo et. al. 2013; Houser; Li, 2015], occurrence of angular misalignment in 
the plane of action (POA) is highly unwanted. It is found that this misalignment has great 
effect on contact stress distribution along tooth’s surface and the value of bending stress 
generated in tooth’s root [Li, 2015; ISO 6336-2, 3; Chen et. al., 2002]. This is caused by 
change in teeth contact pattern from the uniform contact into side contact. In consequence 
mesh stiffness become significantly smaller, causing an appearance of kinematic transmission 
errors. Similar effect can be seen in case of parallel misalignment along the line of action 
(LOA), as it acts along the normal direction to the teeth surfaces. For this reason it also has 
great influence on teeth surfaces contact pattern and mesh stiffness. Occurrence of radial 
misalignment contribute to change in center distance. Because this misalignment acts along 
the offline line of action (OLOA), it is found to have substantial influence on value of tooth 
root banding stress, and therefore it affect significantly mesh stiffness. Effect of angular 
misalignment in the offline plane of action (OPOA) and axial offset is described in [Palermo 
et. al. 2013; Li, 2007]. According to what is stated in this papers, both of this misalignments 
have limited influence on contact stress distribution and tooth root bending stress. For this 
reason this kinds of misalignments can be neglected, as their effect on mesh stiffness is 
limited. 

Aim of presented research was to introduce the finite element (FE) modelling technique to 
evaluate influence of assembly precision on stress value and their distribution in elements of 
gear transmission. In order to achieve this goal, numerous simulations using finite element 
method were developed and conducted. In following sections, assumed 3D model of gear 
transmission and value of both torque load and assembly error for this studies were described 
in following sections.  

 
THE SUBJECT OF RESEARCH 

The tested object of these research was the single-stage reducing spur gear transmission that 
was a part of main drivetrain of a mixed-traffic, electrical EU-07 type locomotive. Essential 
parameters of this transmission are presented in Tab. 1, and view of meshed pinion with gear 
is shown in Fig. 2.  
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Table 1 - Pinion and gear parameters 

 Gear Pinion 

Outside circle dia. [mm] 972 240 

Pitch circle dia. [mm] 948 216 

Root circle dia. [mm] 918 918 

Width [mm] 121 127 

Module [mm] 12 

Pressure angle [°] 20 

Number of teeth 79 18 

Ratio 1:4,39 

Material 42CrV6 

Yield strength [MPa] 950 

Tensile strength [MPa] 1040 

Young Modulus [MPa] 206000 

Poisson coef. 0,3 
 

 
 
 

 
Fig. 2 - View of tested gear transmission 

 
Tested gear was assumed to experience two main types of external loads. First type of load 
was connected with transmitted torque, which value was calculated basing on known 
locomotive engine power, speeds and wheel diameter. Output torque value for tested gear 
transmission was determined as 42 kNm. As all conducted simulations were static type, 
dynamic effects were neglected.  

Second type of load was connected with assembly errors existence. This errors were assumed 
to be angular misalignments in both POA and OPOA. Occurrence of these errors was the 
consequence of angular rotation of pinion caused by inaccurate bearing positioning. Value of 
pinion rotation were equal to 0,4° and 0,8°. These values were calculated as angle resulting 
from pinion bearings displacement distance which was equal to respectively 0,1 mm and 
0,2 mm. Pinion rotation with bearing displacement was illustrated in Fig. 3.  

 

 
Fig. 3 - Directions of pinion shaft rotattions resulting from assumed 

bearings displacement  
 
FE MODELING 

The geometric 3D model of the tested gear transmission was made and placed in three 
dimensional Cartesian coordinate system. Main axis of bigger wheel was fixed in space. 
Wheel was constrained as axially fixed and only rotation of wheel around its axis was 
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allowed. Cylindrical faces of pinion shaft, which supported bearings, were constrained with 
displacements in perpendicular planes, as described in previous chapter. Loading torque of 
value equal to 42 000 Nm was applied to the wheel. Pinion shaft rotation around its axis was 
fixed, in order to balance torque load and ensure convergence of simulation. 

Using ANSYS Workbench environment, contact between gears was considered as frictional 
with coefficient of friction equal to 0,4. Contact problem formulation was described as 
augmented Lagrange formulation. Because of geometrical non-linearity resulting from contact 
formulation, solver used for this problem was selected as iterative, rather than direct type. 

Geometrical model was simplified in order to optimize computing and obtain shorter 
processing time. The most important model geometry simplification was to remove teeth that 
were outside of meshing zone. Another important simplifications included removing shaft 
features, like reliefs, grooves, chamfers and radii. The model of tested gear transmission with 
the simplifications of gears geometry was presented in Fig. 4. In Fig. 5 concentration of finite 
element mesh in meshing zone was presented. 

 

 
Fig. 4 - The model of tested gear transmission with 

the simplifications of gears geometry 

 
Fig. 5 - Mesh concentration in essential zone 

 

RESULTS AND DISCUSSION 

Conducted analyses resulted in numerous stress distributions, representing strain of gear 
transmission in regard to applied assembly errors. These results especially included stress 
distribution within meshing zone and teeth cross-sections. In order to describe strain of gears 
and teeth, Huber-Mises-Hencky (HMH) strain hypothesis was used in stress value 
calculations. Therefore, all presented stress distribution graphs show distribution of HMH 
reduced stress in MPa. 

The first executed simulation assumed desirable situation with no occurrence of assembly 
errors in tested gear transmission and application only of external load in the form of torque 
of value equal to 42 kNm. This assumption allowed to determine the correctness of the 
developed gear transmission model as well as to obtain reference data that would help in 
evaluation of influence of particular assembly error on generated stress and strain of meshed 
gears. In Fig. 6 the result of this simulation was presented. According to obtained data, 
maximum noticed value of reduced stress was 585 MPa. What is more, this value occurred in 
the contact zone of meshed teeth as expected. In the teeth cores and outside of the meshing 
zone stress value did not exceeded above 200 MPa. This kind of stress distribution confirmed 
correctness of developed gear transmission model and assumed boundary conditions. 
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Fig. 6 - HMH stress distribution in gear transmission assembly with no assembly errors 

 
The next two conducted simulations assumed existence of angular misalignment in the plane 
of action. As it was stated in the previous chapter, occurrence of this misalignment was 
caused by rotation of the pinion shaft, whose value was equal to 0,4° and 0,8°. 

In Fig. 7 and Fig. 8 the obtained results are presented. In compere to case without assembly 
errors presence, it was observed that  stress value and its distribution in contact zone of 
meshed teeth changed. On the basis of the simulation results analysis it was concluded, that 
increase of pinion shaft angular misalignment resulted in increase of the stress concentration 
on one side of the tooth combined with increase of this stress value. The maximum value of 
HMH stress that occurred in the contact zone of meshed teeth was equal to respectively 1351 
MPa (in case of misalignment equal to 0,4°) and 2026 MPa (in case of misalignment equal to 
0,8°). 

 

 
Fig. 7 - HMH stress distribution in gear transmission assembly with angular misalignment in POA, 

where value of angle rotation was equal to 0,4° 
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Fig. 8 - HMH stress distribution in gear transmission assembly with angular misalignment in the 

POA, where value of angle rotation was equal to 0,8° 

Next conducted simulations assumed presence of angular misalignment in the offline plane of 
action. Similarly to the previous case, value of this misalignment was equal respectively 0,4° 
and 0,8°. On the basis of the conducted simulations results, that were presented in Fig. 9 and 
Fig. 10, it was concluded that the occurrence of the assumed in this case misalignment, had 
considerably bigger impact on the stress that was generated within the pinion shaft, rather 
than stress that was generated in the contact zone of the meshed teeth. Analysing the stress 
distribution in the contact zone it was found to be slightly shifted to the side of the tooth. 
Compared with reference case slight increase of stress in mesh zone was also noted, as its 
maximum value was equal respectively 948 MPa (in case of misalignment equal to 0,4°) and 
1111 MPa (in case of misalignment equal to 0,8°). 

 
Fig. 9 - HMH stress distribution in gear transmission assembly with angular misalignment in the OPOA, 

where value of angle rotation was equal to 0,4° 
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Fig. 10 - HMH stress distribution in gear transmission assembly with angular misalignment in the 

OPOA, where value of angle rotation was equal to 0,8° 

 

DISCUSSION AND CONCLUSIONS 

In this paper an influence of assembly errors on stress distribution in spur gears was 
examined. For this purpose the multibody model of gear transmission was developed to 
conduct tooth load, surface contact stress and root bending stress calculations of a pair of 
meshed spur gears. The model of tested transmission was developed with taking into account 
the instantaneous operating conditions, defined as relative positioning and instantaneous 
transmitted load.  

The results of the conducted simulations had allowed to formulate the following conclusions: 

- The presence of the angular misalignment in the plane of action of the meshing zone 
was considerably more unfavorable for stress distribution and their value in compare 
with the occurrence of angular misalignment in the offline plane of action.  

- For the simulations where occurrence of the angular misalignment in the POA was 
assumed, significant change in stress distribution in contact zone combined with 
increase of this stress was noted. In this case stress was concentrated on the side of the 
tooth. What is more, the value of this stress increased significantly and was equal to 
respectively 1351 MPa (in case of misalignment equal to 0,4°) and 2026 MPa (in case 
of misalignment equal to 0,8°). This results allowed to conclude that even small 
increase of angular misalignment in the POA is highly unwanted, as it may result in 
significant change in stress distribution and increase in value of generated stress.  

- For the simulations where occurrence of the angular misalignment in the OPOA was 
assumed, slight change in stress distribution in contact zone combined was slight 
increase of this stress was noted. In this case, stress that was generated within contact 
zone achieved value of respectively 948 MPa (in case of misalignment equal to 0,4°) 
and 1111 MPa (in case of misalignment equal to 0,8°). However, it was observed that 
presence of this kind of misalignment has much bigger effect on stress generated within 
shaft, therefore its occurrence is highly unwanted for shaft durability. 
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ABSTRACT 
In the paper we describe the results obtained with finite element models to describe a CFRP 
thin-wall honeycomb-like structure. We present our strategy to use models capable of 
producing reliable and robust results compared with reference tests. Our aim was to build a 
framework to allow for an effective design and calculation interplay. 

Keywords: composite, CFRP, thin-wall, finite element model.  
 
INTRODUCTION 

An ideal sensor or detector for particles or radiation would have a maximal active volume free 
of structural parts, which additionally may induce sided effects. For many applications, light 
structures are demanded together with the condition for providing with a robust and safe 
mechanical frame and, usually, a tight positioning of critical elements. Honeycomb-like 
structures using thin-wall parts can provide excellent solutions. The application of reinforced 
plastics typically with carbon fibres (CFRPs) may be an extra option, providing large strength 
to mass ratios. Examples can be found in new generation telescopes, spatial applications and 
physics laboratories all over the world.  

One particular case is the detector CALorimeter for the In Flight detection of gamma-rays and 
light charged pArticles (CALIFA) developed for one of the flagship experiments of the 
international facility FAIR (Germany). The CALIFA system is currently under R&D (Califa, 
2014), involving more than 50 different institutes and several hundreds of collaborators. 

 

A CASE REFERENCE: THE CALIFA DETECTOR 

The detector CALIFA will surround the reaction centre in many different types of 
experiments. The active sensor parts are prismatic scintillator crystals coupled to opto-
electronic devices. It is necessary certain segmentation into individual sensors, and the crystal 
shapes and lengths (up to 220 mm) must vary according their position in respect to the centre. 
The mechanical support is a honeycomb structure to hold about 2000 crystals inside, and 
conform the shape around the centre, while the positioning of the crystals must be ensured by 
the structural stiffness. Indeed, the walls must be as thin as possible; therefore CFRP woven 
pre-preg was used for the construction. The CF-structure was built with more than 500 CFRP 
thin-wall (0.3 mm) parts, distributed in sixteen rings, each ring laid on each other’s side in a 
conical envelope, see Figure 1. 

The inner diameter is 600 mm, the outer envelope 1060 mm and the length is 990 mm. It 
holds about 1300 Kg of crystals, achieving a ratio of 0.7 % for the CFRP weight to total mass 
(Casarejos, 2014). 
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Fig. 1 - Drawing of the honeycomb CFRP structure (left), formed by 16 rings. Almost 2000 prismatic sensors 

surround the reaction target and are hold inside the structure. The CFRP structure is placed inside a cover (right) 
built with the individual parts (tile) and hold by the tab parts.  

 
The sensors required a light-tight and gas-tight enclosure. A cylindrical cover was the natural 
shape solution. The cover was designed with 64 similar parts (tile) assembled in a regular 
segmentation, see Figure 1. The outer diameter of the cover is 1200 mm. The cover is a very 
stiff and robust assembly, and allows for the right emplacement by a gantry or equivalent 
external structure in the lab. 

The parts that hold the CF-structure and connect with the cover are critical components of the 
design. Those parts (tab) are thin plates with flaps at one side. A pair of tabs can grab within 
the flaps the wall (a fraction) of a CFRP part. The tabs are fastened in between tiles, and the 
closing of the cover provides the support of the CF-structure, see Figure 1.  

For the correct sensor positioning it is critical to evaluate the deformations expected in the 
structure. Therefore, the design can be made stiff where necessary, and fine adjustments be 
included at the external structure to rightly adjust the position.   

 

VALIDATION OF A FE MODEL WITH CFRPs 

The capabilities of the Finite Element models for evaluating CFRP materials are always 
limited. Despite the integration of specific CFRP pre-processors in software packages, the 
description of the orthotropic materials is difficult because the limitations of the micro-
mechanical models, and the scarce data available for many fabrics in the market.  

The assembly of the CF-structure contains 500 parts of CFRP to be defined wall by wall, 
because the orientation of fibre, and the tabs and tiles. There are thousands of joints between 
the tabs and the CF-structure, tab to tab, tab to tile, etc., and they include bolts and friction 
contacts. Any FE calculation becomes largely time consuming for both the definition of the 
model as well as the resolution time. Indeed the convergence can be problematic due to the 
big set of non-linear frictional joints. In order to make an efficient design framework for the 
CALIFA project, we wanted to provide an effective and realistic FE model, while reducing as 
much as possible its complexity for both the definition and the calculation.  

We studied a group of models with different assumptions, and were crosschecked with 
reference data. The data was obtained with a simple and robust setup capable to provide 
values to compare straightforward and to evaluate the model results. 
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Setup and measurements 

We performed a collection of mechanical tests in a simple and robust setup. Two CF-parts 
were grabbed together and hold by tabs at each side; the flaps of the tabs were clamped by a 
pair of bolts and nuts passing through. The tabs, 2 mm thick plates of steel AISI-316L, were 
also fasten to one tile and a block bearing. This mounting was essentially the same as that 
designed for the whole detector. See Figure 2 the description of the assemblie. We used the 
most unfavourable direction that the structure could stand (horizontal), maximizing the 
deflection at the edges of the parts. Dial gauges (0.005 mm resolution) were firmly located at 
several points far away from the bearings, in the horizontal plane.  

A quasi-punctual load was applied with a finger-like stick. The maximum load we could 
apply without compromising the integrity of the walls was 13.5 N. We check that the 
displacement measured was linearly dependent with the load values within that range. A 
second load measurement was done by introducing steel blocks inside the parts. The shape, 
weight and centre of mass of those blocks were equal to the actual active crystals (about 2.5 
kg per part).  

 

         
 

Fig. 2 - Pictures of the setup mounted with two CF-parts. Left: The setup was located so that the lower 
walls of the CF-parts were in the horizontal plane. Two tabs at each side grab the CF-parts walls in 
between. The tabs were bolted to the tile and fixed to the bearing block. Two dial gauges were firmly 
located about the horizontal plane: at the far corner of the CF-part, and at the edge of the lower tab. 
The triangle locates the point where the point-like load was applied. Right: another view of the setup. 
The blocks used to load the parts are visible. 

 

Finite Element model 

All numerical calculations and finite element models were done with ANSYS®. The most 
detailed description for modelling CFRPs was implemented with the ACP pre-processor, able 
to combine these materials together with isotropic materials into complex models. 

Material properties 

We used typical values found in literature for the metallic parts (aluminium 5083 and steel 
AISI-316L). 
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The CFRP materials required the characterisation of many details of the fabric. We used an 
epoxy-CFRP fabric pre-preg 1K plain-weave, 0.15 mm thick, with a resin content of 40% 
(weight). We also paid attention to the fiber orientation in each of the faces. In a detailed 
search we found no data corresponding to this particular fabric.  Neither the producer could 
provide it. (Chretien, 2002) developed a model for plain fabrics, which resulted successful in 
the description of 1K fabrics. It solved the limitations found, e.g., in (Naik, 1995) and 
included the properties in the out-of-plane direction. The properties we used to define our 
fabric are listed in Table 1. For the pre-processor, also the fabric woven type, thickness, and 
the orientation of the fibres in each face as input. 

The characterization of the orthotropic properties of all the parts with the pre-processor is 
largely time consuming for both the definition and the calculation. Considering the behaviour 
observed in some of the partial models we built, we made models considering the CFRP as an 
isotropic material. The properties of this option were defined with the same (maximum) 
tensile modulus (57,98 GPa), a generic Poisson ratio (0.3), and the corresponding shear 
modulus (22,30 GPa). These values provided a model with a behaviour close to the one 
measured.  
 
 

Table 1. Mechanical values used to define the CFRP pre-preg used.  

 
 

 

 

Mesh model 

In order to optimize the resources, the models included a finer mesh only for the CF-parts. 
This was done consistently according the relative difference of deformation and rigidity of the 
materials. The mesh of the aluminium tiles was done with 15 mm tetrahedral elements, and at 
least three nodes in the part thickness. The mesh had about 13500 elements. For the steel tabs 
we used 5 mm hexahedral elements, defined as coherent for both sides. The number of 
elements was about 4500. 

For the CF-parts we used meshes with 3, 2 and 1 mm hexahedral elements. We found that 2 
mm provided a stable result, and a reasonable calculation time. The typical number of 
elements for CF-parts was about 69000. Some details will be show in the next sections.  

 

Contact model 

The study of the contacts was also a key for simplifying our model. We implemented changes 
to relax the contact definitions, while keeping the behaviour of the model performance. For 
the bolted parts we used the pressure-cone method (Ito, 1977) with a cone angle of 45 degrees 
(Shigley, 1989). We studied models with and without frictional contacts. We found in the 
results that this contact added tinny extra rigidity to the system and affected negligibly to the 
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total deflection. Therefore we preferred linear conditions instead, and included a restriction of 
surface no-separation (also linear type) where possible.  

The contact between two CF-parts was defined as bonded, since they were actually glued 
together.  

The contact between tab and CF walls was defined as bonded in the pressure cone, and the 
rest with a no-separation restriction. The same condition was kept for the tab-tab contact. 
Therefore we restricted out-of-plane displacements, while bending was allowed.  

The contact between tab and tile was defined as bonded, extending the condition beyond the 
pressure cone, due to the strong friction expected at that tightly fasten region.  

Loads and boundary conditions 
The model conditions reproduced as much as possible the test conditions. A strip region of the 
tab in contact with the bearing block, 20 mm width, was defined as fixed. The point-like loads 
were applied in value, direction and location corresponding as close as possible to the test 
condition. In the cases with part-filling blocks, their own weight was acting as load. 

 

Model results 

In Table 2 we show the results obtained in some of the models we studied, as well as the 
measured data. It is worth to note that we kept the measurements to a minimum number of 
robust reference points. More details as edges, contours, shapes, etc. would have caused more 
difficulties to discuss that sharp information to select the more appropriate models.  

Model A corresponds to the use of the pre-processor for CFRP and frictional (non-linear) 
contacts in most of surfaces. The load applied was punctual-like. The agreement observed in 
both points is excellent in the corner (1% relative difference) and within the measurement 
uncertainty (0.020 mm) at the flap. This result confirms that both the FE model definition, 
including mesh and contacts, as well as the material characterization were reliable and 
provided robust results for the further discussion. 

In model B we implemented the CFRP material re-definition, and the linearization of the 
contacts. We studied other intermediary cases to search for isolate individual effects, but we 
describe here only the significant states. In this model, the values at the corner differ by 21%, 
still a rather good result and close to the measurement uncertainty. Indeed, the result at the 
flap is now very close to the measured value (below 2%, relative difference). The side-effects 
produced by the re-definition of the material is counterbalanced by the linearization of the 
contacts. The trade-off of effects of the combined approximations for material and contacts 
resulted positive to obtain the model which being simplified, kept the functional description. 

Model C corresponds to the tests done with the blocks to load the structure. The results 
obtained are in a fairly good agreement: within 24% at the flap and 11% at the corner (relative 
differences). 

Reviewing the results, we can see that in general terms one or another model can provide 
values always within the 25% relative value in respect to the measured data. This result is 
considered as good enough for the application to study the design in the terms need for the 
project, as we will discuss in the following. 
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Table 2 -Measured data and the results of the FE models proposed. Values in mm. 
Test P and B are for the point-like load and the load with blocks, respectively.     

 
 

FE MODELS OF THE STRUCTURE WITH CFRPs 

The successful description obtained with the model applied to the benchmark setup and data, 
allowed us to expand the model to bigger parts of the CFRP structure with confidence. Our 
first goal for the design project was to describe parts large enough with characteristics that 
resume properly the whole structure. On the one hand the structure is symmetrical in respect 
to the median plane that parts the structure in left-right sides (note that gravity works equally 
on both halves). On the other hand, we selected a segment and a ring as the most 
representative parts of the structure.  

The 'ring' corresponded to the collection of 16 equal parts that form the 180-degree arc of one 
side of the structure. They corresponded to the most forward ring, where the parts are most 
tilted in the conical shape, and being in contact only on one side, see Figure 3.  They were 
hold by 8 tiles and a collection of tabs to grab the set. 

 

 

                                          
 

Fig. 3 - Drawing of the CAD model (left) used to define the 'ring' assembly. One line of 16 CFRP parts, in 
contact side-to-side formed a 180-degree vertical arc, supported by 8 tiles and tabs. The tiles were fixed 
as if placed by an external structure using some fixture at the dark locations. The mesh defined in the 
model (right): tiles: 15 mm tetrahedral elements; tabs: 5 mm hexahedral elements; CF-parts: 2 mm 
hexahedral elements.  
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The 'segment' corresponded to a collection of 32 parts, with 16 different types, disposed in a 
two-parts width and a row front-to-back, see Figure 4. They were hold by 5 tiles and the 
corresponding set of tabs. 

The FE models for each setup were defined following the description obtained previously for 
the material, mesh and contacts. The loads where implemented as in the actual case, thus the 
weight acting as the natural force on each assembly. The tiles were supported as if they were 
fixed at an external support, see Figures 3 and 4 for details. The ring was studied in its natural 
vertical position. The segment was located in the most un-favourable case, being at the 
horizontal plane. 

Both the ring and the segment were large extensions of the small model used as evaluation 
with two parts: 800% and 1600% factors respectively. We considered that studying these 
representative parts could provide more information for the detail of the behaviour that the 
whole structure as a single assembly. Also, it is possible to consider the construction of a test 
bench with those structures for partial crosscheck studies. 

We selected as reference points those with the maximum deflection, therefore we took (mesh 
nodal) points at the edges of the CFRP parts, see Figures 5 and 6.  The obtained results of the 
model for the two structures are shown in those plots. 

The values amounted about 0.1 mm (0.12 mm maximum) in the ring structure; 0.2 mm 
(forward and middle locations) and 0.3 mm (backward location) for the segment structure. 
These values, as compared with those measured in the two-part setup, and considering the 
volumes we study now, are remarkably low. This is a confirmation of the large stiffness of the 
CFRP structure designed. 

The values may lack reliability in terms of absolute values. The model showed deviations up 
to 24% in respect to the measured values for the small two-parts model. Moreover, the 
cumulated uncertainties in the large assemblies are tough to predict. However, even a 300% 
uncertainty underestimation would provide with values well below 1 mm deflection. 
 

 
Fig. 4 - Drawing of the CAD model (left) used to define the 'segment' assembly. Two lines of 16 CFRP 
parts each, in contact side-to-side and front-to-back, supported by 5 tiles and tabs. The tiles were fixed as 
if placed by an external structure using some fixture at the dark locations. The gravity was applied as if 
the segment was in horizontal position. The mesh defined in the model (right): tiles: 15 mm tetrahedral 
elements; tabs: 5 mm hexahedral elements; CF-parts: 2 mm hexahedral elements. 
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We remark, additionally, that the actual whole assembly, corresponding to 8 segments 
together, and otherwise to 16 rings together, will add extra rigidity to the structure. Thus even 
if the results presented now for the partial models were underestimated, the rigidity of the 
whole structure would correct the deflection values into smaller values. 

To have a better picture of the reach of our results, we must consider also the uncertainty and 
quality of the production of the parts and bundles made of CFRP (Casarejos, 2014). The inner 
volume of the parts was obtained within a 0.05 mm tolerance in any plane. However the outer 
surfaces and edges are not so tightly constrained. Additionally the parts were glued together, 
in a full handcraft process. The measured fluctuations in envelope dimensions reach up to 2 
mm. The deformation values expected according the models, even if corrected in a 300% 
factor, remain well below the production and assembly tolerances. 

 
 
Fig. 5 - The FE model produced the total deformation of the ring structure under gravity. The contour plot 
(left) shows that the innermost edges reached values below 0.2 mm and the deflections at the flexible 
faces of the parts. The reference points where taken at the maximum deflection locations (right). 

 
 

 

 

Fig. 6 - The FE model produced the total deformation of the segment structure under gravity. The contour 
plot (left) shows that the innermost edges reached values below 0.3 mm and the deflections at the flexible 
faces of the parts. The reference points where taken at the maximum deflection locations (right).    
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CONCLUSIONS 

In our study we wanted to produce a FE model robust and reliable enough, as to be used as 
reference for the design phase of a laboratory detector. The needs demanded a light and rigid 
structure. The design was based in a honeycomb like structure, built with thin-wall parts, and 
made of CFRP material. The complexity of the FE model arising from the many parts, 
features and details, was a tough bottleneck for having such design tool. 

We studied a collection of models with assumptions for linearization of material and contacts, 
able to produce reliable results. For the validation, we mounted a test bench of limited size, 
but including all the key details. We successfully defined a model able to reproduce the 
results, with sound assumptions. This model was then applied to much bigger assemblies, 
with a limited time input for both the model definition and the calculation resources involved.  

We studied as reference examples two case structures that gave important information about 
the deformation expected in the assemblies. We found a remarkable rigidity in the CFRP 
structures, which implies very limited deformations in reference points. Moreover, the values 
obtained are well below those values of production tolerance and assembly. 

These partial results are very important to assess the expected calculation needs for the 
behaviour of the whole structure. We have defined a tool that can provide with reliable results 
for the design phase of the device including the external structure. 
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ABSTRACT 

This work study the insert injection moulding process of a dowel holder, which is a rubber-
made machine element used in the production of concrete railway sleepers. The flow path of 
polymer melt and its temperature distribution predicted by CFD software Moldex3 were 
evaluated to compare which of two possible gate location would lead to optimal bond strength 
between insert and part. An additional objective was to analyze the efficiency of  two possible 
cooling channel configurations (parallel or serial). Simulation results show that a gate location 
closer to the insert would lead to lower air trap formation and higher melt temperature around 
insert. Serial channel layout has higher efficiency and allows to achieve a uniform 
temperature distribution along the piece.  

Keywords: injection moulding simulation, part insert, thermoplastic elastomer. 

 

INTRODUCTION 

Dowel holders are machine elements used in the production of concrete railway sleepers. Its 
main function is to keep the dowels in position during the concrete casting. These parts are 
made of a thermoplastic elastomer, overmolded on a metallic insert. The main requirements 
for dowel holders are: good elastomer-to-insert bonding - that implies minor amount of weld 
lines formation and air trap- to prevent tearing during the un-molding stage and precise 
dimensions to be easily screwed and to prevent cement leakages to the dowels. Thus, the 
specific goals of performing injection molding simulation of this case are:  

1-Evaluate flow path and temperature distribution around part insert, weld line formation and 
air trap, predicted by Moldex3, to decide which of two possible gate location will lead to 
optimal bond strength between insert and part.  

2-Evaluate temperature distribution along the piece and cooling channel efficiency, predicted 
by Moldex3, to decide which of two possible cooling channel configurations (parallel or 
serial) will lead to optimal part quality, i.e. with lower total displacement or warpage and 
shorter cycle time.   

  

RESULTS AND CONCLUSIONS 

Figure 1 and 2 displays respectively the gate locations and cooling systems analysed. To 
achieve optimal bond strength, melt temperature level must be higher as possible (the upper 
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limit is polymer degradation temperature). Also, flow path length must be minimized and 
potential residual stresses around the gate must be avoid [1]. Simulation predicts that the melt 
temperature at the time it contacts the insert is slightly higher for gate location 1 (230°C for 
location 1 and 228°C for location). Also, for gate location 1, the flow path length is shorter: 
injected from gate 1, melt contacts the insert al 0.02 whereas injected from gate 2, it does at 
0.09 s.  

Weld line and air trap predictions are shown in Figures 3 and 4 respectively. Efficiency 
predicted by simulation for the cooling channels layouts analyzed is display in table 1.  

Considering the higher amount of air trap and being melt temperature the most important 
factor determining bond strength between part and insert, gate location 1 is choose as the 
optimal one.  

Even the exterior temperature of the part at end of cooling is similar for both cooling channels 
configurations (slightly higher for parallel cooling channels), the temperature distribution is 
more uniform along the piece for serial cooling channels. For this reason and for its higher 
efficiency, serial cooling configuration is choose as optimal one.  

 

a) 

 

b) 

 

Fig. 1 - Gate location analyzed Fig. 2 - Cooling channels configuration analyzed: 
a) Parallel b) Serial 

                     

a)   b)  a)   b)  

Fig. 3 - Weld line predicted for: a) gate 1 b) gate 2 Fig. 4 - Air trap predicted for: a) gate 1 b) gate 2 

 

Table1. Efficiency of cooling channel configurations 

Type of cooling system Min. Efficiency (%) Max. Efficiency (%) 

Parallel 22 27 

Serial 49 50 
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ABSTRACT 

This work studies the mitigation of vertical vibrations in railway bridges by using a so called 
'auxiliary beam' system and a finite element method for evaluation. The bridge was modelled 
as a unidimensional and simply supported beam, in order to run simulations as fast as 
possible, while keeping the main characteristics of the bridge and producing the key 
parameters. The studied parameters were the damping coefficient and the moment of inertia 
of the auxiliary beam. We defined a non-dimensional combination of the parameters in order 
to generalize the results to any generic case. In our work we combined ANSYS® and 
MATLAB software to implement a genetic algorithm that optimized the damping 
characteristics of the system. Finally, a detailed comparison of the original undamped bridge 
and the bridge with the damping system was carried out. 

Keywords: optimization, railway bridge, auxiliary-beam system, damping, moving loads, 
resonance phenomena, FEM, genetic algorithms. 

 

INTRODUCTION 

With the expansion of high-speed railway lines, the railway bridges must tolerate high train 
speeds while preserving all the safety specifications. The moving trains produce periodical 
forces due to the constant distance existing between the axles. The repetitive forces induce a 
vibrational response (Yang, 1996) in the bridge, and that affects directly the allowable speed 
limit. To safely increase the speed limit of the bridges, different vibration mitigation systems 
had been implemented.   

The Tuned Mass Damper (TMD) system is probably the most studied method for vibration 
mitigation in both bridges and buildings (Lin, 2005). The alternative ‘auxiliary beam' system 
(Museros, 2006), other times known as ‘double beam’ system, consists of an added beam 
installed under the bridge deck, and connected to it by viscous dampers, see Fig. 1. The 
auxiliary beam would absorb most of the energy generated by the moving loads on the bridge-
plus-train assembly, and reducing both the vertical acceleration and the displacement of the 
bridge itself. The advantage of the auxiliary beam (AB) system over the TMD system is that 
the AB system works in a wide range of frequencies, while the TDM is tuned to a single 
frequency value, typically the lowest natural frequency of the bridge. The frequency range 
difference may be the design key for the design selection. Actually the trains modify the 
bridge natural frequencies, and the change differs for different trains. For the design of the 
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AB systems, it is important to define the characteristics and the distribution of the dampers, 
and obtain an optimized performance.  

The goal of this work was to study an AB system defined to allow for the maximum speed of 
a particular train. The safety constrains were given for the particular safety regulations. We 
used the Spanish IAPF regulation (Ministerio de Fomento, 2010), which restricts both the 
maximum displacement in the middle of the bridge span, and its maximum acceleration. 

 
Fig. 1 - Auxiliary-Beam system: A simply supported beam (upper beam) is supplemented 

by an auxiliary beam connected by viscous dampers. 
 

The mathematical method for the optimization will be a genetic algorithm. This case study 
with two parameters and a single fitness function could be studied by other methods as 
gradient conjugate or Newton, but genetic algorithms open other fields as the use of a non-
derivable fitness function or multiobjetive studies. 

In the next lines, we are going to describe the physical and FEM model of the bridge, the 
genetic algorithm including its initialization, fitness evaluation and evolution, and finally the 
obtained results. 

 

PHYSICAL MODEL 

The AB system we studied consisted of a simply supported bridge and a set of auxiliary 
beams connected by viscous dampers. The bridge deck was modelled as a regular 
homogenous concrete slab, 5 m width and 1.2 m thick. The resulting section inertia moment 
was 0.720 m4. The slab was supported at the ends (cf. Fig.1), and the pillars were not 
considered in the study.  

The auxiliary system was made as a set of steel beams with HEM profile located beneath the 
bridge deck. The number of auxiliary beams considered was ten, which is the maximum 
number that can be fitted efficiently in a retrofitting method (Lavado, 2013). The size of the 
beams was one of the parameters to obtain. The beams could be of different sizes for a better 
performance, within a range of 56 to 486 mm. The beams were connected to the pillars as 
firmly as possible. We note that the simply supported case we studied corresponds also to the 
most adverse situation. 

The connection between any auxiliary beam element and the bridge was made with viscous 
dampers located in the middle of the span of the bridge, where the maximum vertical 
accelerations and displacements appear. The characteristic parameter of the damper was the 
second parameter to obtain. The load limit of the dampers was set to 5000 kN. 

In our model the variables to operate with were the inertia of the beams and the damping 
coefficient. To obtain a generic description we defined non-dimensional factors. The 
moments of inertia of the beams (Iz) were normalized to that of the bridge deck. The damping 
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coefficient (C) was normalized to the structural damping of the bridge. We defined both 
parameters as: 

; � 6<=�>?@6A ; 	6<=�>?@ � 	C · E ≈ 2.1 · 10J	 
K � LM<@N�LM<=�>?@ 

β is a coefficient of the stiffness matrix, used to obtain the damping of the bridge. It is 
obtained from the structural damping coefficient (2%) given by the IAPF, and the frequency 
of the first mode of vibration, as well as the moment of inertia and the stiffness (EI). k is the 
flexural stiffness of the bridge. 

 

FEM MODEL 

Running a genetic algorithm typically requires many simulations to search for the optimized 
results. Therefore, the model used must be as simple as possible to ensure a reasonable 
computing time, while maintaining the quality of the results. 

Both the bridge and the auxiliary beams were defined within ANSYS® as uniaxial beam type 
elements (beam4). Regarding the damper, it is modelled as a spring damper element with 
uniaxial tension-compression properties (combin14). 

The whole system consisted in a two dimensional model: rotations allowed along the x and y 
axes, and restricted displacement on the z axis. The supports constrained the rotations in the x 
and y axis, and the vertical displacements.  

The number of elements of the grid was determined using a mesh sensitivity analysis, 
concluding that eleven elements were enough to obtain consistent results for this type of 
studies. 

The time step was defined as 0.05 divided by the maximum natural frequency of the bridge 
below 30Hz, a value which is recommended by the IAPF rules we were using. 

The train was modelled as a set of moving loads, based on the EUROSTAR 373/1 train type.  
The velocity considered was 330 km/h, at which the bridge reaches the maximum vertical 
acceleration in the middle of the bridge span.  

 

GENETIC ALGORITHM 

Genetic algorithms are valuable tools to optimize parameters in the case of complex 
problems, which could hardly be obtained analytically (Fonseca, 1995). The technique is 
inspired in how evolution takes place in nature, selecting the individuals that are more fitted 
to the environment and discarding the non-fitted ones. The most fitted individuals procreate, 
having offspring they have to compete with in the next generation. Sometimes an individual 
can suffer a mutation. It can either be positive to its ability to fit in the environment and the 
genes will be maintained, or negative, leading to its disappearance.  

In this particular case, the individuals (case possibilities) will have only two genes: the 
normalized inertia (K) and the normalized damping coefficient (;). Their performance will 
determine how much the particular values are preferred. The performance was evaluated by 
two other parameters: the maximum acceleration in the middle of the bridge span, and the 
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total mass of the beams used in a damping system. The range of variation of the genes (the 
parametric domain) was established within the ranges mentioned in previous sections. 

After a certain number of generations, the individuals have evolved. The most fitted 
individuals were evaluated individually to obtain the final results. 

 

INITIAL POPULATION 

For the first iteration of the algorithm there are no predecessors to evaluate and generate 
offspring. Therefore, some initial population must be given to the algorithm for initialization 
purposes.  In order to obtain a well-distributed initial population while maintaining it random, 
we used the Latin Square method (McKay, 1979). This method generates a semi random 
population in such a way that two individuals will not share any common gen value. A 
graphic explanation of this method is shown in Fig. 2. The partitions of the gen domains 
define the number of spaces (N), and determines de number of individuals obtained by this 
method. 

 
Fig. 2 - Latin Square method (McKay, 1979). The two gens (γ and θ) are within their 

parametric domain. The partition of each domain and the combinations of the two gens 
with the not-sharing condition, define the maximum number of available individuals. 

 

FITNESS EVALUATION 

The performance (fitness) of the individuals was evaluated in terms of the maximum 
acceleration reached in the middle of the span of the bridge, and the total mass of the beams 
obtained in any particular solution. These two parameters had to be minimized. Therefore if 
the acceleration or the mass values increased, the performance value had to decrease. The 
function that assigned the fit of an individual (particular solution) based in the input 
parameters is the key point in the development of the algorithm. There is no general rule to 
generate this performance function. Only the know-how and the trial-and-error can provide 
with suitable solutions (Fonseca, 1995).  

We used a performance evaluation so that the two parameters were calculated independently. 
The limit values for acceleration were in the range from 0 m/s2 to 30 m/s2 (structural failure), 
corresponding linearly to 100 and 0 performance values respectively, see Fig.3a. For the mass 
parameter we assigned a linear function between 10.000 and 65.000 kg, being constant for 
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lower and bigger values, see Fig.3b. The total performance value was evaluated as the 
combination of the two independent performances, with a weight of 0.95 for acceleration and 
0.05 for mass. The weighting coefficients were selected by trial-and-error. We obtained that 
for higher values of the mass weight the algorithm was only selecting more reduced masses 
for any acceleration values. With this weighting, a proper balance of the two parameters was 
achieved. Finally, the fitness function provides with values in the range within 100 for no 
acceleration and mass below 10.000 Kg, down to 0 for maximum acceleration and mass over 
65.000 kg   

 
(a)                                                                                      (b) 

Fig. 3 - a (left) Fitness function for acceleration. Fig. 3b (right) Fitness function for total mass. 

 

SELECTION OPERATOR, CROSSOVER AND MUTATION 

For the progress of the algorithm and to choose the best fitted individuals for obtaining their 
offspring, a selection must be done. We e used a simple Stochastic Universal Sampling (SUS) 
technique (Baker, 1987). The SUS method divides the total fitness space in a number of 
sections with lengths according to the fitness value, see Fig. 4. A straight random sampling 
provides better options to solutions with better performances. Note that each segment contains 
a collection of the genes corresponding to the original partitions of K and ;.  

 
Fig. 4 - Stochastic Universal Sampling implementation. 

Once the best fitted individuals are chosen in one step, all possible combinations between 
pairs of genes were made, and, from each gen couple, a new individual appears for the 
evaluation of its performance. The rule followed to obtain the genes of this new individual is 
a random weighted mean between the genes of its progenitors. A numerical example follows, 
for a pair (K,;)  
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OPQRST�UQP	8: �0.01, 4�																		OPQRST�UQP	Y: �0.02, 6� [QP	\ ≡ P4T^Q_	T`_aSP, UbS	TSc	�T^�d�^`43	6	�e: f�PeU	gST � 0.01 · \ h 0.02 · �1 � \�							iSjQT^	gST � 4 · \ h 6 · �1 � \� [QP	\ � 0.3, 6 ≡ �0.017, 5.4� 
 
Some of the new individuals will be closer to one of the progenitor’s, others will be an 
equilibrated mixing, and it is indeed possible to obtain muted gen values, away of the original 
seeds. This method helps in creating diversity, which allows the algorithm to evaluate regions 
of the parametric domain that were previously discarded.  

 
RESULTS OF THE GENETIC ALGORITHM 

According to our model conditions we obtained parametric domains with values of K	in the 
range from 0.001 to 0.035 and values of ; in the range from 0.5 to 20. The genetic algorithm 
applied provided the following results.  

In Fig.5 we plot the �K, ;� region population obtained after 16 generations, being the color 
scale the performance, ranging from blue (low performance) till red (high performance). As 
expected the preferred regions show a higher density and performance. That is the function of 
the offspring selection. Indeed, the whole region is explored, due to the diversity allowed to 
the descendants.   

 
Fig. 5 - Results of the Genetic Algorithm. The �K, ;� region population was obtained after 16 

generations, being the color scale the performance, ranging from blue (low performance) till red 
(high performance). As expected the preferred regions show a higher density and performance.  
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After the initial screening, we made a second study focused into limited ranges of values of K	(from 0.001 to 0.02) and ; (from 0.5 to 10). In Fig.6 we show the same plot adapted to the 
new region, after 16 generations of the algorithm. We obtained most individuals with high 
performance values. The 3 cases with the highest performances are listed in Table.1.  

 
Fig. 6 - Results of the Genetic Algorithm applied to a limited parameter region. After 16 

generations most of the individuals show a high performance value.  

 

Table 1: Parameters of the 3 cases with highest performance obtained  

 θ  γ Max. Acceleration  

(m/s
2
) 

Beam Mass  

(kg) 

Total Performance 

Individual 1 3,13483 0,0115446 7,93833 49.918 71,2331 

Individual 2 2,20038 0,0131284 8,09074 50.602 70,6882 

Individual 3 7,29121 0,0103875 8,19198 49.485 70,4692 

 
As can be seen in Table 1, the values of the parameters vary in more than 100% for the mean 
value of ;, and about 20% for K.  
 
In Figs. 7, 8 y 9 we plot the vertical acceleration in the middle of the bridge span, the 
displacement and the reaction loads in the pillars, respectively, given for the three selected 
solutions, as well as the un-damped solution. All individuals produce an important reduction 
(up to 50% for acceleration and more for displacement and load) in respect to the un-damped 
solution.  
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Fig. 7 - Vertical acceleration in the middle of the bridge span given for the three selected 
solutions, as well as the un-damped solution. 

 
 

 

 

Fig. 8 - Displacement in the middle span of the bridge and the beams for the three solutions 
and the un-damped case. 
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Fig. 9 - Reaction loads in the pillars of the bridge for the three solutions and the un-damped 

case. 
 

When a range of velocities from 100 to 400 km/h is studied (Fig. 10), the differences between 
the three candidates become evident. In general, candidates 1 and 2 show a better 
performance than candidate 3. Particularly, candidate 2 presents a lower acceleration peak 
than candidate 1, however they have a very similar performance within all the range. 

 
Fig. 10 - Comparative of the vertical accelerations with the three candidates and the 

undamped bridge in a range of train velocities. 
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CONCLUSION 

In this study, we investigated the design of an auxiliary beam system to help in the behaviour 
of bridges with high-speed trains passing on. We used a simplified 2D model and ANSYS® 
to provide the modal analysis, while we implemented a genetic algorithm in MATLAB for the 
searching of the preferred parameters of the AB system. This study showed the capabilities of 
implementing adequate particular software tools to undertake complex problems.  

We developed a parametric search such that we could define best combinations for the 
parameters that define an AB system in a generic case. We obtained solutions that differ in 
the particular values applied to the masses and damping characteristics, and, however, provide 
the best compensation effects on the bridge. This wide-spectra searching method shows the 
powerful capabilities of the technique to provide with robust results for complex phenomena.    
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ABSTRACT 

This work was focused on the characterization of a hyperelastic material to further study a 
complex case of application. We measured in a simple tensile test a rubber specimen and used 
the data to define a three-parameter Mooney-Rivlin model for hyperelastic materials. We 
developed an evolutionary algorithm able to search for the best combination of parameter 
values that fit the data. The obtained model was implemented into a finite element model to 
study the characteristics of a complex-shape commercial seal.     

Keywords: hyperelasticity, FEM analysis, non-linear analysis, genetic algorithms. 

 

INTRODUCTION 

Hyperelastic materials are widely used in industry and deployed in most fields of production. 
Despite the large acquired experience in using this type of materials, there are difficulties on 
applying reliable numerical models to predict their behaviour. Underneath this limitation there 
are the limits in obtaining the accurate mathematical characterization of the hyperelastic 
materials. As a straight consequence, the virtual finite element (FE) and other models using 
hyperelastic materials are quite poor to produce robust and reliable results. The available 
models for hyperelastic materials require different constants that are not typically found in 
literature. Additionally those values can be more or less difficult to obtain for any specific 
case.  

The first challenge of this work was to produce and validate an accurate model for a specific 
material using only simple tests performed with rubber specimens. We performed a uniaxial 
tensile test to obtain the basic material characteristics (Saso, 2008). The data were used to 
define a three-parameter Mooney-Rivlin model for hyperelastic materials (Martins, 2006). To 
achieve the best parameters we implemented a genetic algorithm able to search for the right 
parameter combination to optimize the model and data correspondence.    

Once the characterization was successful the Mooney-Rivlin model was implemented within 
a FE model to study a complex problem of application of the material to a practical case. The 
different solutions obtained due to the complexity of the models and the limitations of the 
available data were finally discussed. 

 

AN OVERVIEW TO THE MOONEY-RIVLIN MODEL 

In classical linear elasticity theory used to model the behaviour of materials at small strains, 
the constitutive relations between stress and strain remains constant and linear. This 
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assumption was probed successful to describe typical metal materials. However, the observed 
behaviour of rubbers, foams and biological tissues shows a wider complexity in the 
relationship between stress and strain. It is the case of elastomers, whose stress-strain curves 
are strongly non-linear. For these cases the classical elasticity theory is not adequate and a 
better and appropriate model must be applied.  

To model the hyperelastic behaviour it is applied the strain energy density function. It 
corresponds to the area below the stress-strain curve. In Fig. 1. we plot a typical stress-strain 
curve for an elastomer. The area beneath the curve is the energy density function. 

 
Fig. 1 - Stress-strain curve (solid line) measured for an elastomer. The area beneath the curve (yellow), its 

integral, defines the strain energy density function. 

The models for hyperelastic materials are based in a description or formula to reproduce the 
strain energy density function. The density function allows for obtaining the constitutive law 
for each elastomer material by using the large-deformation elasticity theory (Ali, 2010).  

The definition of the strain energy density function, or elastic potential, is a function of the 
invariants of the Cauchy tensor. There exist a large number of hyperelastic models. Each 
model includes a different number of material constants. The selection may depend on the 
interest to take into account the different invariants of the Cauchy tensor and the quantity and 
quality of the data available for each particular material. For rubbers, the most widely 
deployed models are the so called Mooney-Rivlin models. Among this family, we selected the 
three-parameter model. It is rather simple, and it takes into account the two first invariants of 
the Cauchy tensor, as well as the product between them. Models with more constants can be 
used, however it depends on the available data and their quality to obtain reliable values of 
the necessary constants and parameters. 

Since we aimed first to characterize our rubber material under test, we must use the 
hyperelastic equation definition according to the descriptions available in the FE software 
(ANSYS®). Therefore, the strain energy density function was defined as detailed in the user’s 
manual. Once the parameters were obtained, they could be implemented directly into the 
software. The density (W) was given by: 

n � 6�/�L�̅ � 3� h 6/��L�̅ � 3� h 6���L�̅ � 3��L�̅ � 3� h 1̂ �p � 1�� 
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Where I1 and I2 are the two first invariants of the Cauchy tensor, and d is the compressibility 
parameter which we assumed to be zero (incompressible material). C10, C01 and C11 are the 
constants that the search algorithm must find.  

We measured some specimens made of rubber under tensile tests. By using this information 
we aimed to extract the set of Mooney-Rivlin parameters that best fitted the measured data. 
For doing so, we implemented a genetic algorithm within MATLAB®.  

 

EVOLUTIONARY ALGORITHM 

The searching for the best parameters for the Mooney-Rivlin model to reproduce the 
behaviour of a rubber specimen is the most important feature presented in this work. The 
problem of fitting the real test data was treated as an optimization problem (Tekin, 2004; 
Karr, 1995), and we used an evolutionary algorithm for the search. The evolutionary 
computation proposal were inspired in the theory of the evolution of the species (Zitzler, 
2002). The individuals better fitted to their environment are able to survive and the genes be 
transferred to the future generations, contrary to worst fitted. During the evolution process 
some individuals can suffer mutations generating individuals with different genes, which 
again can be or not an advantage.  

To solve the problem of fitting the measured data, a set of individuals (particular solutions) 
belonging to the same generation are evaluated. These individuals are characterized by their 
values for the constants C10, C01 and C11 of our parameterization of the Mooney-Rivlin 
description. The values of these parameters are within a certain parametric domain space, 
defining boundary values of the parameters, and within which the algorithm searches the 
solutions.  Each individual reaches a different fitness level with respect to the test data.  

For the algorithm it is necessary to provide with an initialization protocol to generate the first 
generation. During the process, each generation is evaluated, and a selection of genes is done 
giving preference to individuals with better scores. To transfer their genes, a crossover 
operator is designed in order to generate new individuals by combining the genes of their 
progenitors. With low probability, a mutation of one gene may occur. If advantageous for the 
fitting, it will be transmitted to new generations. 

The algorithm evaluates the generations which step by step should produce individuals which 
are better fitted After enough generations, the algorithm will converge and the quality of the 
fitness will not increase, providing the best fitted values for the parameters.  

 

POPULATION INITIALIZATION 

The algorithm produces the next step generation genes by using the information of the actual 
generation, which inherits the genes from previous generations. There must be an 
initialization phase to create the genes of the first step, whose quality may compromise the 
convergence of the algorithm.  

We used the Latin Hypercube Sampling (LHS) method (Stain, 1987). This method generates 
a semi-random sample within the parametric domain, where two individuals do not share 
input parameters after a partition is done. In Fig.2 we show the partition of two possible 
parameters, and a random selection done with the not-sharing condition. This two-
dimensional (square) method can be extended to any number of parameters (hypercube). 
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Fig. 2 - Latin Square Sampling graphic model. Two parameters (axis) are partitioned and selections (X) are 

performed randomly with the not-sharing condition.   

 

FITNESS EVALUATION AND SELECTION OPERATOR 
For each generation the algorithm evaluates the fitness level of the individuals to the 
measured data, according to the Mooney-Rivlin model. The quality of the fitness was 
provided by the difference in respect to the measured data. We set values ranging from 0 to 
100 according the absolute difference as in Fig.3. For tiny differences the values are close to 
100, while increasing differences lead to a zero value fit.   

 
Fig. 3 - Function defined to provide with a fitness quality value according to the absolute 

difference between the evaluated model and the measured data. The closer the fit, the 
higher the value within a 0-to-100 range. 

 
The new set of individuals of the next generation was created according a selection of genes 
based on the level of the fit quality to the data. There are many different ways to carry out the 
selection process. In our study we used together two methods for selecting the best-suited 
individuals.  

We first used the ‘tournament’ selection. The individuals of each generation are ranked 
according their fit quality value and only the genes of the two top candidates were selected.   

The second method was a Stochastic Universal Sampling (SUS) method (Baker, 1987). The 
population is sampled according to the quality fitness values. Therefore a degree of random 
freedom happens in the selection, while keeping the preference for the better scores. 
Following this method, we selected four individuals. 
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Finally we had six individuals selected. Additionally, we allowed that both the predecessors 
and the offspring competed in the same generation for the next-step genes selection.    

 
Fig. 4 - SUS graphic example 

 
In Fig. 4 an example of the SUS method is shown. In this method, the colour bars in the figure 
represents the fitness of different individuals. In this figure, ‘F’ is the total fitness of all the 
individuals in the generation and ‘N’ the number of selected individuals. According to the 
total fitness of the generation and depending on the number of individuals selected, the 
distance between pointers can be computed. The first pointer is randomly initialized at any 
point, once initialized the first pointer, the remaining pointers positions are known and the 
selection could be carried out. The blue box represents the individual with the best fitness 
and, on the other hand, the yellow one represents the worst individual. So, the best-fitted 
individuals are more probably selected than the worst ones. 

 

CROSSOVER AND MUTATION OPERATORS  

After the selection of individuals in a generation is carried out, the recombination of genes 
must be done. There are many possible options to generate new individuals using some kind 
of crossover. During the crossover process, two genes are recombined using parts from the 
parents. The way to combine the genes will make the difference. We used a simple arithmetic 
combination. In this way, a random number was used to weight the values of the genes from 
both progenitors. Here we provide an example where two progenitors with genes (22, 10, 4) 
and (12, 6, 9), corresponding to the parameters (C10, C01, C11), are combined to produce the 
gens of two members of the offspring: 

[QP	UbS	P4T^Q_	\ � 0.1 \�22, 10, 4� h �1 � \��12, 6, 9� � �13, 6.4, 8.5� �1 � \��22, 10, 4� h \�12, 6, 9� � �21, 9.6, 5.8� 
The last operator used to simulate the evolution was the mutation. Mutation is a phenomena 
which implies the alteration of one or several genes in one individual, with low probability. 
However it allows that values previously discarded in the selections can happen and maybe 
add extra value to the fitness process.  

In our case we set a 1% probability for mutation of a gen, which could take any value within 
its domain. The operator was applied always after the selection and crossover operators and it 
affected to only one of the individuals. If it happens, both individuals, with and without 
mutation, were kept in the generation. The size of the population is then variable from one 
generation to another due to mutations. 
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RESULTS FOR THE GENETIC ALGORITHM 

Once the algorithm is implemented according to all the previous considerations, it was used to 
fit the experimental curve. The curve included its own uncertainties, which together the 
parametric model used, prevents from reaching perfect (100%) fit values.  

The algorithm was initialized with 70 individuals in a specific parametric domain, and run for 
100 generations. We used the results of the first trial to select a narrower parametric domain 
and run again the algorithm to improve the results we present. 

In Table.1 we provide the Mooney-Rivlin parameters obtained for the three top results. We 
can observe the parameter set for each one of the three candidates with the fitness obtained for 
each one of them. All three can reproduce properly the curve in the stress-strain domain we 
measured.   

Table 1 - Genetic algorithm results 

Mooney-Rivlin parameter C10 (MPa) C01 (MPa) C11 (MPa) Fitness 

Candidate 1 -3.711803 5.169893 1.439667 50.460517 

Candidate 2 -2.444245 3.735415 0.995856 42.925022 

Candidate 3 -2.855020 4.194222 1.201878 40.508385 

 
In Fig.5 we plot the measured data in a stress-strain curve, and the functions corresponding to 
the three selected parameter sets. The three sets provide with a good overall description of the 
data, being one or the other closer fitted at some specific strain range.   

 
Fig. 5 - Stress-strain curve measured in one rubber specimen. The data (points) and the selected parametric 

models (lines) are plot in the range of measuremnets of a uniaxial tensile test.  

 

It is important to highlight the fact that we performed a simple uniaxial tensile test, and we 
reached only about 30% level of the rubber strain limit. In Fig.6 we plot the curves 
corresponding to the three sets of parameters of the Mooney-Rivlin model we selected, now 
in an extended strain range. The three descriptions clearly differ at strain values above 0.5. It 
could be worth to study further the material in order to make an unambiguous model 
selection. However it is clear that within the strain ranges considered, any parametric set is 
completely representative of the data.  
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Fig. 6 - Stress-strain curves  provided by the three parametric set selected in the study, and 

corresponding to a uniaxial tensile test. The strain range is extended till 100%. 

 

FEM ANALYS OF A COMPLEX APPLICATION  

We were interested in analysing a case with a complex geometry. We wanted to study the 
behaviour of a window seal applied to a commercial automobile. In Fig.7 we plot the profile 
of the seal, reconstructed from images of the actual seal part.  

The algorithm we used to define the Mooney-Rivlin parameters of the materials, provided 
directly with the elastic potential as implemented in the ANSYS® software. The 2D mesh 
used to discretize the seal had 18846 elements, including both tri- and quad-type linear 
elements, see Fig.7.  

        

        
Fig. 7 - Mesh of the model used for the FEM analyses 

 

We performed a 2D analysis to study a complex load state, corresponding to the case in which 
the rubber lips surround the window glass layer. We used the plane strain hypothesis 
appropriate to the structure cases with two key dimensions, as we have.  In Fig.8, the 
boundary conditions are displayed. 
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Fig. 8 - (Left) Boundary conditions used in the FE model studied. The lips of the seal in contact with the window 
layer are displaced (2mm) inwards. The seal is fit inside the window rail, the rail providing a rigid contact at the 

outer flat surfaces.  (Right) Deformed shape of the seal under such boundary conditions 

In Fig.8 we plot the result obtained for the deformation of the model under the specified 
conditions, and corresponding to the maximum considered deformation of the lips. The plot 
corresponds to the model implemented with the rubber parameters of case-1. All three 
parameter sets provide a rather similar result, since the calculation was performed with the 
deformation condition.  

In Fig. 9 we plot the reaction force at the seal lips, as a function of the displacement at the 
lips. The results are for the three different sets of parameters obtained. The higher 
displacements increase the strain and then the different parametric sets produce results with 
different rigidities. 

 
Fig. 9 -  Reaction force values at the lips as function of the displacement. The three curves corresponds to the 

three parametric set studied. The values provided by the models differ up to 10%.  

In Fig.10 we plot the first and second invariants of the stress tensor, as function of the 
displacement of the seal lips. In Fig.11 we show the first principal stress distributions as 
contours on the seal for the displacement case of 2 mm. The plots correspond to the values of 
the three parametric sets considered. In all cases we can observe that the different parametric 
sets provide with different solutions that slowly diverge as the rubber strain increases, as we 
expected from the behaviour we presented in Fig.6. 
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In the following figures, all three candidates implemented in the FE code are shown. The 
candidates follow a three-parameter Mooney-Rivlin model, so although the specific values 
differ one from one curve from another when high deformation levels are reached, the form of 
the different curves is very similar. So, as the used model is oriented to reproduce the 
behaviour of the rubber-like materials, all three candidates generate a realistic response 
although the particular values differs up to 13%. It means, assuming the implicit error any of 
the candidates could be used. 
 

 
 
 

 
 

Fig. 10 - First (upper plot) and second (lower plot) invariants of the stress tensor, as a function 
of the displacement of the seal lips. The curves correspond to the three parametric set obtained 

in the study.  
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Fig. 11 - Contour plots corresponding to the first principal stress invariant evaluated at the 
displacement value of 2mm for the seal lips. The three plots are obtained by using each of 

the three parametric sets for the rubber material.  
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CONCLUSIONS 

In this study we aimed to present the implementation of hyperelastic materials into complex 
FE calculations. We used a Mooney-Rivlin models whose parameters were defined from 
measured data. The procedure for selecting the parameters was based in a genetic algorithm 
able to efficiently search into the parametric domains to define the best fit of model and data. 
After two runs of 100 generations we obtained three sets of parameters that described 
properly the data in the measured range. The obtained sets only differed at much higher strain 
values than those observed.  

The hyperelastic model implemented into a FE element allowed us to study a case of 
application of the material to a rubber seal of complex shape. The study produced different 
results depending on the parametric set selected. The situation was simply derived from the 
limited range of available data to fit the model. However it also shows the demanding 
characterization that a hyperelastic material requires in order to produce reliable results for 
simple applications. Our aim was to define a complete and robust procedure for the analysis, 
from the material characterization, to the FE study, and to highlight the necessity to use data 
adapted to the study to produce reliable results.    
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ABSTRACT 

This work consists of an experimental and numerical study of stepped adhesive joints under a 
tensile loading. The experimental work involves the evaluation of different types of adhesives 
and geometric parameters such as the overlap length (LO), enabling optimization of the joints. 
The numerical work consists of a detailed stress and failure analysis by the Finite Element 
Method (FEM) and Cohesive Zone Models (CZM). As a result of this work, the CZM 
technique for strength prediction was tested and validated for the simulation of the stepped 
joints. It was shown that the type of adhesive has a high influence on the maximum load (Pm) 
predictions, with brittle adhesives showing a better behavior for smaller LO values and ductile 
adhesives with a higher performance for bigger values of LO. The CZM analysis revealed 
good predictive capabilities and enabled a full understanding of the joints’ behavior. 

Keywords: FEM, cohesive zones models, adhesive joints, stepped joint. 

 

INTRODUCTION 

The most traditional joining methods are fastening, riveting, welding and bonding. Joints with 
structural adhesives are currently one of the most widespread bonding techniques in advanced 
structures (automotive, aerospace, aeronautics and sports equipment, among others). 
Adhesive joints do not require holes and distribute the load over a larger area than mechanical 
joints. However, they tend to develop peel and shear peak stresses near the ends of the overlap 
because of the differential deformation effect of the adherends and the load asymmetry. As 
such, premature failures may occur, especially if a brittle adhesive is used. In addition, 
adhesive bonds are very sensitive to the surface treatment, service temperature, humidity, and 
aging. Single-lap joints are the most common due to the ease of manufacture, although they 
are characterized by an eccentric transmission of loads. This results in the existence of 
significant stress concentrations and consequent limited strength. The use of stepped joints 
enables decreasing the stress gradients along the adhesive because of the reduction of the 
differential deformation and asymmetry effects, which leads to a higher strength (Akpinar 
2014). However, due to the difficulty of machining the steps or the ramps in this type of 
joints, the manufacturing process has higher costs than single-lap joints. Despite this fact, in 
the case of stepped joints with composite adherends, the fabrication process becomes simpler 
by creating the steps during the stacking procedure of the individual composite plies. 

The experimental part of this work consisted of analyzing three structural adhesives: the 
brittle and strong Araldite® AV138, the moderately ductile and strong Araldite® 2015 and the 
ductile but least strong Sikaforce® 7752 in joints with four values of LO: 12.5, 25, 37.5 and 
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50 mm (thus making a total of 12 joint configurations). Five tests were equated for each joint 
configuration, to make a total of sixty fabricated and tested joints. The FEM/CZM analysis 
involved the analysis of peel and shear distributions in the overlap region, the study of the 
damage variable evolution during the damage process and the strength prediction and 
respective comparison with the experimental values of Pm for validation of the numerical tool. 

 

RESULTS AND CONCLUSIONS 

The results from the tensile tests for the joints bonded with the brittle adhesive Araldite® 
AV138 are shown in Fig. 1, as an example. By comparing the performance of the different 
adhesives, it was shown that the best results for short LO values was attained for the Araldite® 
AV138 and 2015, with Pm≈6 kN for LO=12,5 mm, whilst the Sikaforce® 7752 provided worse 
results (Pm≈4.5 kN for LO=12,5 mm). The reported difference in behaviour is justified by the 
higher influence of the adhesive strength on Pm rather than the ductility for short overlaps, 
because in these conditions stresses are practically uniform along the steps. 

 
Fig. 1 - Tensile test results for the adhesive Araldite® AV138 

On the other hand, the joints’ behavior was markedly different with bigger LO. In fact, for the 
strong but brittle adhesive Araldite® AV138 revealed a relatively low Pm improvement with 
LO (Fig. 1; Pm≈12 kN for LO=50 mm), while the moderately ductile Araldite® 2015 and the 
ductile Sikaforce® 7752 showed a higher strength improvement by increasing LO (up to ≈18.5 
kN and 14.3 kN, respectively). This is because ductile adhesives behave better for higher LO 
by absorbing the peak stress due to plasticization effects. The CZM strength predictions were 
generally accurate, at is can be confirmed in Fig. 1 for the adhesive Araldite® AV138, 
showing that this numerical technique can be successfully used for the strength prediction of 
stepped adhesive joints. 
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ABSTRACT 

The main goal of this work is the experimental and numerical study of hybrid scarf joints 
(composite/aluminium adherends) with varying scarf angles (α) and adhesives. The 
experimental study consists of performing tensile tests and obtaining the load-displacement 
(P-δ) curves. The numerical analysis by Finite Elements was performed to obtain peel (σy) 
and shear (τxy) stresses, using the software Abaqus®. Cohesive Zone Models (CZM) were 
used to predict the joint strength. The maximum load (Pmáx) was significantly affected by the 
angle α and the adhesive type. The CZM technique was considered suitable to use as a design 
tool, although the cohesive law should be revised and improved for ductile adhesives. 

Keywords: Finite Element Method, cohesive zones models, scarf joint, hybrid joint. 

 

INTRODUCTION 

The recent enhancements in structural adhesives technology, namely in the strength and 
toughness, enabled the use of adhesive joints and repairs in several industrial fields, namely 
the automotive and aerospace industries. There are various advantages to this joining 
technique, such as weight reduction, more uniform stress distributions, absence of damage in 
the bonded parts and ability to bond different materials. However, bonded joints are yet not 
reliable in critical joints because of issues like fatigue and long-term behavior uncertainties, 
and large scatter in the failure loads. There are many established and over-studied bonded 
joint geometries, in which the single-lap joint is the most discussed because of the fabrication 
ease. However, this joint suffers from load eccentricity, which largely affects σ stresses and 
consequently the strength. The scarf configuration suppresses this limitations, and its 
constituents can be either metal, composite or hybrid structures between these two with the 
distinction between scarf joints (i.e., by directly bonding the two adherends) or repairs (i.e., 
union of two adherends by a tapered patch). The scarf joint or repair is the most efficient 
respectively to the bonded area because of potential for suppression of σ and τ peak stresses, 
arising from the tapered adherend edges (Chiu and Chaudhuri 2011). 

The experimental part of this work consisted of analyzing two structural adhesives: the brittle 
and strong Araldite® AV138 and the moderately ductile and less strong Araldite® 2015 in 
hybrid scarf joints with five values of α: 10, 15, 20, 30 and 45º (thus making a total of 10 
joint configurations). Five tests were equated for each joint configuration, to make a total of 
fifty fabricated and tested joints. The FEM/CZM analysis involved the analysis of peel and 
shear distributions in the overlap region and the strength prediction and respective comparison 
with the experimental values of Pmáx for validation of the numerical tool. 
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RESULTS AND CONCLUSIONS 

The results for the hybrid scarf joints bonded with the brittle adhesive Araldite® AV138 are 
shown in Fig. 1, as an example. In both cases the reduction of α exponentially increased Pmáx, 
which is mainly related to the corresponding increase of the bonded area and reduction of 
peak stresses. For the Araldite® AV138, the obtained Pmáx for α=45° were 3245 N (CZM) and 
2822 N (average experimental). If the comparison is made for α=10°, the predicted value is 
9936 N, which can be compared to the experimental value of 9224 N. 

 
Fig. 1 - Experimental/numerical comparison of Pmáx for the scarf bonded joints with the 

adhesive Araldite® AV138 

The same exponential trend was found for the joints bonded with the adhesive Araldite® 
2015, although with higher Pmáx due to the higher ductility of this adhesive. By assessing the 
predictive capabilities of the numerical technique, for the adhesive Araldite® AV138, the 
numerical predictions were slightly above the average experimental values of Pmáx, although 
generally within the range of the test results. The average standard deviation for the five joint 
configurations was 7% for this adhesive. For the joints bonded with the adhesive Araldite® 
2015, the numerical overshot the tests up to 10%, which was accredited to using a triangular 
CZM law for an adhesive with some degree of ductility. Nonetheless, the obtained differences 
were within acceptable deviations. As a result of this analysis, the behavior of the hybrid scarf 
joints as a function of the adhesive type and α value was comprehensively evaluated and the 
numerical tool positively validated for design purposes. 

 

REFERENCES 

[1]-Chiu, S.-H. J. and Chaudhuri, R. A. 2011. A three-dimensional eigenfunction expansion 
approach for singular stress field near an adhesively-bonded scarf joint interface in a rigidly-
encased plate. Engineering Fracture Mechanics 78: 2220-2234. 

0

2

4

6

8

10

12

0 5 10 15 20 25 30 35 40 45 50

P
m

á
x 
[k

N
]

α [°]

Experimental NuméricoExperimental Numerical 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 
Publ. INEGI/FEUP (2017) 

-139- 

 
PAPER REF: 6642 
 
 

AEROELASTIC ANALYSIS OF COMBINED CONICAL -
CYLINDRICAL SHELLS 

 
A.A. Lakis1(*), Y. Kerboua2, M. Toorani3 
1Mechanical Engineering Department, Ecole Polytechnique of Montreal, Montreal (QC), Canada  
2Mechanical Engineering Department, Constantine University, Constantine, Algeria 
3School of Engineering and Information Technology, Conestoga College, Cambridge (ON), Canada 
(*)

Email: aouni.lakis@polymtl.ca  
 
 
ABSTRACT 

This paper addresses the dynamic behaviour of combined conical-cylindrical shells containing 
the internal fluid and subjected to the supersonic flow. The hybrid finite element model 
developed in this paper is based on a combination of the finite element method and classical 
shell theory. The displacement functions are derived from exact solution of Sanders’ shell 
equations. The linearized first-order piston theory is used in modelling the aerodynamic 
interaction effect. Dynamic pressure of internal liquid is calculated using the velocity 
potential, Bernoulli’s equation, and applying the impermeability condition to ensure the 
permanent contact at the fluid-solid interface. Initial stress stiffening due to axial compression 
and/or radial pressure is also taken into consideration and is presented by an additional 
stiffness matrix. Results of this work are compared with those of other theories and 
experiments, good agreement is found.  

Keywords: Aeroelasticity, conical-cylindrical shells, hybrid finite element 

 

INTRODUCTION 

The axisymmetric shells are widely used in many engineering applications e.g. aerospace 
industry. Their dynamic behaviour is considerably affected when they are in interaction with 
internal or surrounding fluids. Dynamic analysis of both cylindrical and conical shells has 
been investigated, experimentally and analytically, by numerous researchers [1-8]. The 
aerodynamic behaviour of a combined conical-cylindrical shell interacting with external 
supersonic air flow is a topic that has not been studied extensively in spite of its practical 
importance. This kind of combined-shell is found in fuselage of aircraft and spacecraft, 
missiles, storage tanks, and submarine hulls, to name a few. The objective of this work is to 
present a numerical model to analyze the aerodynamic behaviour of a combined conical-
cylindrical shell containing internal fluid and subjected to external supersonic air flow. The 
solid model is a combination of finite element method and classical shell theory. Two distinct 
semi-analytical finite elements are used to model a combined axisymmetric shell for better 
geometrical consistency. The displacement functions of each finite element are derived from 
exact solutions of Sanders’ shell equations. The linearized first-order piston theory formula is 
applied to model the aerodynamic interaction effect. For the liquid contained in the combined 
shell, the fluid pressure is derived from the velocity potential, Bernoulli equation and from the 
impermeability condition applied to ensure permanent coupling at the fluid-solid interface. 
Initial stress stiffening due to axial compression and/or radial pressure is accounted for, by 
generating an additional stiffness matrix. The elementary matrices of the solid and fluid 
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corresponding to each finite element are calculated using exact analytical integration. Because 
the presented model is derived from exact solution of the equilibrium equations of shells, the 
results calculated using this approach are remarkably accurate.  

 

THEORY 

The thin-walled shell depicted in Fig. 1 is modeled using two different finite elements. The 
structural formulation of both cylindrical and conical shells is based on a combination of 
Sanders’ shell theory [9] and hybrid finite element model. 

 
Fig. 1 - Combined conical-cylindrical shell 

 

Structural modeling of solid cylindrical shell 

The finite element model used for the cylindrical part is a cylindrical segment defined by two 
line-nodes (four degree of freedom) as shown in Fig. 2. The differential equations of 
cylindrical shells in term of axial, circumferential, and radial displacement and also material 
properties are given as: stu`, d, c, v�wx � 0; 			E � 1,2,3				4T^	� � y � 1⋯6                       (1) 

 
Fig. 2 - Geometry and nodal displacements of the cylindrical finite element  

The differential operators Lk (k=1, 2, 3) and matrix of material properties [pij] are given in 
[10]. The displacement functions are developed into Fourier series for the nth circumferential 
wave number: 

 

{`�|, ;�c�|, ;�d�|, ;�} � ~
cos	�T;� 0 00 cos	�T;� 00 0 sin	�T;�� {

`�|�c�|�d�|�} � �.�� {
`�|�c�|�d�|�}             (2) 
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The magnitudes of displacements are function of the ‘x’ only and are defined as follow [11]: 

 �`�|� c�|� d�|��� � �8 Y 6��S�� ���                                     (3) 

 

A, B, C, and  λ are complex numbers, and Re is the mean radius of the cylindrical finite 
element. Substitution of equations (2 and 3) into equation (1) and set the determinant of 
matrix of coefficients results in the following eighth order characteristic equation as: 

 4�� h a�� h j�� h ^�� h S � 0                                                  (4) 

 

The coefficients of ‘a, b, c, d, and e’ are functions of material properties, geometry, and 
circumferential mode number. Each root of λi yields a solution of the equilibrium equation. 
The complete solution is the sum of the eight solutions as: 

 

{`�|, ;�c�|, ;�d�|, ;�} � �.�� ∑ �L9×9��w�� S��� ��⁄ {8wYw6w} � �.������6�; 		cbSPS	8w � \6w 	4T^	Yw � C6w(5) 

 

Matrix [R] and vector {C} are given in [10]. Nodal displacement vector is given as: 

���@ � �`� c� ����� d� ẁ cw ����� dw�� � �8��6�;				�6� � �8� ����@        (6) 

 

Then equation (5) can be rewritten as: 

{`�|, ;�c�|, ;�d�|, ;�} � �.������8� ����@ � ������@                       (7) 

 

Matrix [N] of order (3 × 8) is the matrix of the displacement shape function of a cylindrical 
element shown in Fig. 2. 

 

Structural modeling of solid conical shell 

The finite element model used for the conical part of combined shell is a truncated cone with 
variable thickness defined by two nodal lines with four degrees of freedom as shown in Fig. 3. 
The differential equations of cylindrical shells in term of axial, circumferential, and radial 
displacement and also material properties are given as: 

 itu`, d, c, a�wx � 0; 			E � 1,2,3				4T^	� � y � 1⋯6                       (8) 



Topic-A: Computational Mechanics 
 
 

-142- 

The complete form of these equations is given in [12]. 

 
Fig. 3 - Conical finite element (a) geometry and thickness variation, (b) nodal displacements 

Similar to cylindrical shells, the displacement functions of the conical finite element are 
expressed as a combination of Fourier series and finite element theory. The magnitudes of 
displacements are function of the ‘x’ only and are defined as [6]: 

�`�|� c�|� d�|��� � ��*��� !� �8 Y 6��                                (9) 

A, B, C, and  λ are complex numbers, and Re is the mean radius of the cylindrical finite 
element. Substitution of equations (2 and 3) into equation (1) and set the determinant of 
matrix of coefficients results in the following eighth order characteristic equation as: 8, Y, 6, 4T^	� are unknown complex numbers and le is the length of the finite element in axial 
direction. Substitution of `�|�, d�|�, 4T^	c�|� into the equilibrium equations and set the 
determinant of matrix of coefficients results in an eighth order characteristic equations as: 
 b��� h b��� h b��� h b��� h b¡ � 0                                        (10) 
 

The coefficients of hj are given in [6].  
 
Each root of this equation yields a solution to the equations of motion. The complete solution 
is obtained by adding the eight solutions independently with the constants	8w , Yw, 4T^	6w 	�y � 1	UQ	8�.  
 
The complete solution is the sum of the eight solutions; therefore the displacement functions 
are expressed as: 

{u�x, θ�w�x, θ�v�x, θ�} � �T̈ �©R«¬C® � �T̈ �©R«©A«-�¬δ®² � ©N«¬δ®²			               (11) 

 
Matrices ©�«	4T^	©8«are given in [6]. The vector ¬6® contains eight constants of the problem 
which is expressed as function of nodal displacements given as: ¬�®@ � �`� c� ����� d� ẁ cw ����� dw�� � ©8«¬6®;				¬6® � ©8« �¬�®@       (12) 
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The mass and stiffness matrices of cylindrical and conical finite elements are given by the 
following equations: 

6´3�T^P�j43	ebS33:	 {�_µ�@ � 1µU�8� � �¶�@ · �������*�/ ^|� �8� ��Eµ�@ � �8� � �¶�@ · �¸���O��¸�*�/ ^|� �8� �                                    (13) 

6QT�j43	ebS33:	 ¹ �_µ�@ � 1µ �· �8� �©�«��.����.��©�«*�/ �8� �^8�
©Eµ«@ � º· �8� �©¸«� »�.�� �0��0� �.��¼� �O� »�.�� �0��0� �.��¼ ©¸«*�/ ©8« �^8½    (14) 

 ^8 � |e�T�\�^;^| 

 

Initial stiffening effect 

Stiffening effect due to in-plane loads is taken into account by adding a stiffness matrix to the 
elementary stiffness matrix of the solid shell.  

The change in membrane strain energy of a cylindrical shell is defined as: � � ��· · u��+¾¾� h �¾+��� h ��� h �¾�+��x^8*�/�¿/                      (15) 

 

Substitution of ��	4T^	�¾ (membrane forces per unit length) and +¾¾ , +��, 4T^	+� 
(membrane strains) are given in [9] and then applying the variational approach, one could 
derive the stiffening matrix of cylindrical shell as: 

 

�E��@ � · · À�����Á�� Â�� 0 00 �¾ 00 0 �� h �¾Ã �Á����Ä ^8*�/�¿/                    (16) 

Matrix ���is the displacement shape function of cylindrical shell and [Y] is defined in the 
following equation: 

ÅÆÆ
ÆÇ 0 � ��� 00 � �� ��¾ ��� ��� ��¾ 0 �� ���ÈÉÉ

ÉÊ Ëc̀dÌ � �Á�������@                               (17) 

 

The stiffness effect of a conical finite element is modeled using the same formulation applied 
for the cylindrical shell. The stiffness matrix is obtained as: 

 

©E�«@ � · · Í©�«�©Á«� Î�� 0 00 �¾ 00 0 �� h �¾Ï ©Á«©�«Ð^8
*�/�¿/                    (18) 
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Matrix ©�«is the displacement shape function of cylindrical shell and [Á] is defined in the 
following equation: 

ÅÆÆ
ÆÇ 0 � ��� 00 � �� �µ��
 ��¾ ��ÑN�
� ���µ��
 ��¾ 0 ��� h �� ���ÈÉÉ

ÉÊ Òc̀dÓ � ©Á«©�«���@                               (19) 

 

Hydrodynamic effect of internal fluid 

The mathematical formulation of the internal fluid is based on the following assumptions: (a) 
the internal fluid is incompressible; (b) the fluid flow is potential, (c) small deformation, (d) 
fluid is inviscid, and (e) the free surface is neglected.  
 

Hydrodynamic effect on cylindrical shell 

Taking into account the aforementioned assumptions, the velocity potential +�|, ;, P, U� of the 
internal fluid must satisfy the Laplace equation. This relation is expressed in the cylindrical 
coordinate system by: �= ��= �P �Ô�=� h �=� ��Ô�¾� h ��Ô��� � 0                                               (20) 

 .bS	|, ;, 4T^	P are the coordinates in the axial, circumferential, and radial directions of 
cylinders, respectively. Using the fluid velocity components (axial, tangential, and radial), 
Bernoulli’s equation, impermeability condition (to ensure a permanents contact between the 
shell surface and the peripheral fluid layer), and structural’s radial displacement, we could 
obtain the fluid pressure equation as: 
 O|=�� � �1Ö ∑ ×Ø����=�Ù ��Úu×Ø����=�xÛ �

����Ñ� �w��w�� �1Ö ∑ Üw �����Ñ�w��w��                          (21) 

 
Jn(imjr) is the Bessel function of first order. Taking integral of fluid dynamic pressure over 
structural shape function, we could derive the fluid-flow forcing function as: 

{�f�@ � ·�����O�^8 � �1Ö · �©ÜÖ«��8� ������.����.��©�Ö«©8Ö« ��^8¬�Ý®@�f�@ � �8� �©iÖ«©8Ö« �¬�Ý®@ � ©_Ö«¬�Ý®@ 									(22) 

 
Hydrodynamic effect on conical shell 

Taking into account the aforementioned assumptions, the velocity potential +�|, ;, P, U� of the 
internal fluid must satisfy the Laplace equation. This relation is expressed in the cylindrical 
coordinate system by: 
 �� �Ô�� h ��Ô��� ����µ��Þ�� ��Ô�¾� h ���ÑN�Þ �Ô�Þ h ��� ��Ô�Þ� � 0                                   (23) 
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.bS	C is the coordinate along the cone semi-vertex angle (\	�0	 ß 	C	 ß 	\�, see Fig. 4.  

 
Fig. 4 - Fluid coordinates system of the conical section of the shell 

 
Using the fluid velocity components (axial, tangential, and radial), Bernoulli’s equation, 
impermeability condition (to ensure a permanents contact between the shell surface and the 
peripheral fluid layer), and structural’s radial displacement, we could obtain the fluid pressure 
equation as: O|Þ�
 � �1ÖE| ∑ �����Ñ�w��w��                                              (24) 

 
The factor ‘k’ is given in [13]. Taking integral of fluid dynamic pressure over structural shape 
function, we could derive the fluid-flow forcing function as: 

{�f�@ � ·�����O�^8 � �1Ö · �©8« �©�«��.����.��©�Ö«©8Ö« ��^8¬�Ý®@�f�@ � ©8Ö« �©iÖ«©8Ö« �¬�Ý®@ � ©_Ö«¬�Ý®@ 									(25) 

 

Aerodynamic effect of supersonic flow 

The fluid-structure effect due to external supersonic axial flow on a cylindrical shell is taken 
into account using linearized first order potential theory [14]. 
 ON �  àáâã��ã� ��!/� Ù���� h �äâ �ã� �ã� �� ���Ñ � ����ã� ��!/�Û ; cbSPS	å � äâæàáâ/çâ � äâNâ      (26) 

 
The fluid pressure is a function of radial displacement of structure as a sum of eight solutions 
associated with eight roots of characteristic equations. Substitution of structural radial 
displacement for cylindrical shell into equation (26) results in the following relation for 
dynamic pressure: 
 ON � Γ Ù �äâ �ã� �ã� �� �.��©�Ö«©8Ö« �¬�'®@ h �� ���� � ����ã� ��!/�� �.��©�Ö«©8Ö« ����@Û 	cbSPS	Γ �  àáâã��ã� ��!/�						(27) 

 
Integrating the dynamic pressure (27) over structural shape functions results in: �f�@ � ©jÖ«@��' �S h ©EÖ«@���ScbSPS

	 ©jÖ« � �8� � �¿��äâ �ã� �ã� ��· ����©�Ö«^|*�/ � ©8Ö« �		4T^	�E� � �8� � �¶�Γ �� �y�S � 12��å2�1�1/2�· ����©�Ö«^|*�/ � ©8Ö« �		
																											(28) 
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Similarly, we could derive the damping and stiffness matrices, associated with aerodynamic 
loading, for a conical shell as: 
 ON � Γ » �äâ �ã� �ã� �� �.��©�Ö«©8Ö« � ��'�@ h �� ���� � ����ã� ��!/�� �.��©�Ö«©8Ö« �¬�®@¼ 	cbSPS	Γ �  àáâã��ã� ��!/�			(29) 

 ¬f®@ � ©jÖ«@ ��'�@ h ©EÖ«@¬�®@cbSPS
	
©jÖ« � ©8« � � �äâ �ã� �ã� ��· · �©8« �©�«��.����.��©�Ö«©8Ö« ���¿/ ^8���� � ©8Ö« �		4T^	©EÖ« � ©8« � è· · è©8« �©�«��.����.�� �©�é«�� ©8Ö« �ê�¿/ ^8���� ê ©8Ö« �	 �©8« � �· · � �����ã� ��!/� ©8« �©�«��.����.��©�Ö«©8Ö« ���¿/ ^8���� � ©8Ö« �	

																	(30) 

 
Eigenvalue problem 

The dynamic behaviour of coupled fluid-structure system is given by the following equation 
that is derived by introducing the matrices of each individual element into the global system 
and then introducing the boundary conditions. 
 Ù�åµ� � ©åÖ«Û ¬�Ý® h ©jÖ«¬�'® h Ù�ëµ� � ©ëÖ« � �ëì�Û ��� � �0�																						 (31) 

 
 
Similarly, we could derive the damping and stiffness matrices, associated with aerodynamic 
loading, for a conical shell as: 
 

RESULTS 

The convergence test is the first example that is conducted for a combined conical-cylindrical 
shell using four semi-vertex angles of conical section (Fig. 5) to study how geometry of 
combined shell could affect the requisite mesh size. 

 
Fig. 5 - Geometric shape and dimensions of the combined conical-cylindrical shell 

Data used for this example are (L1=0.75m, L2=0.75m, R1=0.12m, t=5mm, α=5
o
, 20

o
, 35

o
, and 

45
o
, E=69GPa, ν=0.3, and ρs=2700kg/m

3). The results are shown in Fig. 6. 
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Fig. 6 - Natural frequencies (n=2 and m=1) of a clamped-free combined conical-cylindrical shell 

as a function of number of elements and semi-vertex angle 

The second example is carried out for an in-vacuo conical-cylindrical shell with clamped 
boundary conditions. (α=30

o
, L2/R2=1, t/R2=0.01, R1/R2=0.4226, E=211GPa, ν=0.3, 

ρs=7800kg/m
3). The results of the present method are compared with those of (Caresta et al.) 

calculated for the same structure. The results are listed in Table 1 for dimensionless natural 

frequency Ω � � �¡⁄ ;		�¡ � æî 1µ�1 � ï��⁄ ��� . 

 

Table 1 - Frequency parameters for a clamped conical-cylindrical shell 

Mode Number (m, n) n=1 n=2 n=3 n=4 

m=1 0.294 (0.293) 0.104 (0.100) 0.090 (0.087) 0.145 (0.144) 

m=2 0.631 (0.637) 0.104 (0.503) 0.090 (0.391) 0.329 (0.330) 

m=3 0.812 (0.811) 0.104 (0.691) 0.090 (0.514) 0.396 (0.395) 

m=4 0.932 (0.931) 0.104 (0.859) 0.090 (0.797) 0.646 (0.647) 

m=5 0.950 (0.952) 0.104 (0.916) 0.090 (0.919) 0.693 (0.693) 

 

The numbers in parenthesis are results of [15]. 

 

The next example is dealing with dynamic analysis of a clamped combined shell (α=50
o
, 

L1=0.75m, L2=0.75m, R1=0.12m, t=1mm) under influence of internal static pressure. The 
shell thickness has been intentionally reduced here to properly highlight the initial stiffening 
effect. The frequencies obtained using the present model (Fig. 7) are validated by comparing 
with those calculated using an excessive number of ANSYS finite element “SHELL281 with 
option of PSTRES ON”, a very good agreement is achieved. Fig. 7 also shows the natural 
frequencies for the same structure under radial pressure with semi-vertex angle zero. 
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Fig. 7 - Natural frequencies of a combined shell 

The last example is carried out for a truncated conical shell (R/t=148, L/R=8.13, t=0.051in, 

α=5
o
, E=6.5×10

6
 psi, ν=0.29, ρs=8.33 ×10

-4
 lb.s

2
/in

4
, and M=3); simply supported at both 

ends and subjected to a supersonic flow. Fig. 8 shows the real and imaginary parts of 
eigenvalues as a function of the freestream static pressure. The results of the present method 
are compared with those of [13]. The real part of natural frequency coalescences into a single 
mode and dynamic instability occurs at the same freestream static pressure as in reference 
[13]. 

 
Fig. 8 - Frequency variation as a function of freestream static pressure at circumferential mode 

(n=6), (* Results of Sabri et al.) 
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CONCLUSION 

An efficient semi-analytical method has been developed for aeroelastic analysis of combined 
conical-cylindrical shells (empty, fluid-filled, and subjected to external supersonic flow). A 
combination of Sanders’ shell theory, the first-order-piston theory, and potential theory is 
used in deriving the equations of motion. The effect of various physical and geometrical 
parameters on structural dynamic stability is studied. Numerical results indicate that the 
flutter resistance is significantly affected in case of internally pressurized shells. Flutter 
boundary occurs at a lower dynamic pressure once the vertex angle decreases. The proposed 
method could present reliable results at less computational costs compare to commercial 
software. 
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ABSTRACT 

There were created different models of road tank reservoirs with and without internal baffles 
using ANSYS CFX. The influence of transported liquid temperature on hydrodynamic 
pressures inside the reservoir was analyzed. The modes of a single emergency braking of the 
tank and its movement with interchanging accelerations and decelerations (city traffic mode) 
were considered to analyze the influence of liquid cargo internal friction on cargo temperature 
changes and tank shell loading parameters.  

Keywords: road tank, liquid cargo sloshing, partially-filled reservoir, liquid temperature. 

 

INTRODUCTION 

At various transportation conditions, as well as at various movement modes of the road tank 
the transported liquid cargo can repeatedly slosh inside the tank reservoir. This fact causes a 
change in liquid temperature due to the internal friction forces (energy dissipation of the 
cargo) and can lead to a change in the transported liquid physical properties influencing the 
parameters of relative movement of liquid cargo in the reservoir and tank shell loading. Also 
this can have a significant effect on the controllability of the road tank (Cheli, 2013). So, the 
main purpose of the investigation is to analyze the influence of different movement modes of 
the tank on the liquid cargo oscillations and properties as well as on the tank shell loading.  

Simulations of liquid cargo sloshing in tank reservoirs with different shapes were realized 
using ANSYS CFX. As hydrodynamic pressures inside the reservoir do not reach significant 
values, all liquids were considered to be incompressible. All simulations of Newtonian and 
non-Newtonian liquid cargo sloshing at non-stationary movement modes of tanks were done 
taking into account the presence of turbulent stresses, depending on the flow rate oscillations. 

 

RESULTS AND CONCLUSIONS 

To analyze the transportation temperature effect on the pressure values for the case of a single 
emergency braking there were performed several simulations of liquid sloshing in a 
rectangular tank of 4 m length with 1.5x1.5 m2 cross section. The transportation temperature 
changed from 10 to 40 °C. The results obtained for water showed that tank shell loading is not 
significantly (less that 3 %) changed. The similar results were get for concrete mixture and 
tar. Concrete mixture kinematic viscosity value can change during the transportation of more 
than 13 times, but it does not lead to a big difference in pressures. 

In order to analyze the influence of the liquid internal friction on cargo temperature change 
there were carried out simulations for liquids with a dynamic viscosity varying in the range of 
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0,001-300 Pa·s. The transportation of these liquid cargos was analyzed in the rectangular tank, 
cylindrical tank of 4 m length and 2 m diameter without baffle and with solid baffle of 50 % 
height (“halfbafflle”) and 80 % height of the reservoir. The reservoir was suggested to be 
half-filled as it is one of the worst conditions for controllability of the car at emergency 
braking (Kuzniatsova, 2015). The obtained results confirm the obvious fact that the liquid 
cargo movement inside the reservoir with baffle or without it, is more smoothly with the 
increase of liquid viscosity. In other words relative velocities of liquid cargo particles 
decrease when its dynamic viscosity increases. This result can be obtained for almost all tank 
reservoir configurations. Fig. 1 demonstrated some simulation results for the Newtonian 
liquid with changing dynamic viscosity sloshing in a rectangular tank and a cylindrical tank 
with a “halfbaffle”. Also it shows some computational results for the non-Newtonian liquid 
sloshing in the cylindrical tank with a solid baffle of 80% of tank height. The modeled liquid 
had Bingham features and its density varied in the range of 1000-10000 kg/m3 at a constant 
dynamic viscosity. 

a)   b)  c)  

Fig. 1 - Geometry models of tanks (a) and liquid cargo free surface position at t = 0.5 s after 
the start of tank braking for the Newtonian (b) and at t = 1 s for the non Newtonian (b) liquids 

Simulation results showed that the difference in the temperature values of the transported 
liquids in the case of a single emergency braking takes place within the first second after the 
start of braking and temperature changes no more than by 2 °C. When the liquid viscosity 
increases to 1 Pa·s maximal change in its average temperature also increased, and then, the 
process was adverse with the further increase of liquid cargo dynamic viscosity. So, the 
process of liquid cargo sloshing in the tank reservoir for the case of its single emergency 
braking can be considered isothermal. When tank braking and acceleration interchange, for 
example as in typical city traffic mode, tank shell is under less loading values than in the case 
of a single emergency braking. This takes place due to lower values of acceleration in city 
movement mode compared to the sharp acceleration and deceleration modes. 

 

ACKNOWLEDGMENTS 

The presented paper was supported by Belarusian Republic Fund of Fundamental Research 
(Project T15M-115). 

 

REFERENCES 

[1]-Kuzniatsova MG, Shimanovsky AO. Comparative Analysis of Forms of Lateral Baffles 
for Road Tanks. Applied Mechanics and Materials, 2015, 797, p. 290-298. 

[2]-Cheli F, D’Alessandro V, Premoli A, Sabbioni E. Simulation of sloshing in tank trucks. 
International Journal of Heavy Vehicle Systems, 2013, 20, p. 1-18. 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 
Publ. INEGI/FEUP (2017) 

-153- 

 
PAPER REF: 6656 
 
 

STABILIZED AND ANS LOBATTO SPECTRAL FINITE ELEMENTS  
 
K.Y. Sze(*), Y.C. Hu 

Department of Mechanical Engineering, The University of Hong Kong, Hong Kong SAR, China 
(*)

Email: kysze@hku.hk  
 
 
ABSTRACT 

Stabilization schemes are developed for 2D, axisymmetric, 3D and C0 plate/shell spectral 
elements. The spurious zero energy modes (ZEMs) of reduced integrated elements are first 
identified. The stabilization vectors can then be pre-derived in terms of the nodal coordinates 
according to the identified ZEMs. For C0 plate/shell elements, assumed natural strain (ANS) 
schemes are also developed. Enhancement of the element accuracy will be demonstrated.  

Keywords: Lobatto, spectral, finite element, stabilization, assumed natural strain. 

 

INTRODUCTION 

Stress analyses using FEM have been dominated by low order elements due to their simplicity 
and computational efficiency. On the order hand, spectral or high order elements enjoy better 
accuracy and convergence rate. A noticeable class of spectral finite elements is the Lagrange 
elements using the non-equispaced Lobatto nodes. These elements are often integrated by the 
Lobatto quadrature in which the integration points are the Lobatto nodes. The coincidence of 
nodes and integration points allows the tensor product rule in spectral analyses to be 
applicable and leads to diagonal mass matrices which can readily be used in the explicit time 
integration. Thus, Lobatto elements are well-accepted for solving dynamic and wave-related 
problems including acoustics, structural dynamics, damage detection, structural health 
monitoring, seismology, medical imaging and computational fluid dynamics, et al. 

Low order elements are effective in producing reliable results for many engineering problems. 
However, the locking phenomena in which the assembled system is excessively stiff may be 
encountered when they analyze constrained problems occurring in, e.g., nearly incompressible 
materials and thin structures. In this light, considerable efforts have been made to improve the 
performance of the low order elements and a wide variety of advanced formulations have 
been proposed. While the displacement-based elements become less prone to lockings as the 
element order raised, deterioration in the accuracy can be observed once the constraint 
condition becomes more severe. On the other hand, most advanced formulations become very 
expensive computationally for high order elements. These partially explain why advanced 
high order elements are rarely seen in the literature. This work would present our effort in 
formulating advanced and efficient Lobatto elements using stabilization and ANS methods.  

 

RESULTS AND CONCLUSIONS 

From the problems portrayed in Fig.1 and Fig.2, it can be seen that the accuracy of the 
conventional Lobatto element (LB) drops significantly when the material incompressibility 
and small shell thickness come in, respectively, whilst those of the stabilized (PS in Fig.1, 
stab in Fig.2) and ANS elements do not. More examples will be discussed in the presentation.  
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Inner radius = 5  
Out radius = 20 

Internal pressure = 1 
External pressure = 0 

 
 

(a) (b) 
Fig. 1 - (a) The 4×4 mesh used in the thick cylinder problem. (b) The p-convergence plot for elements of 

order 2, 4, 6 and 8 (Hu et al 2015). 
 

R = 1,  L = 1. 
Pressure load = po cos(2θ). 

Symmetric boundary condition is 
applied to the two ends. 

One-eighth of the cylinder is 
meshed into n×n regular elements. 

 
 

                       (a)                                           (b)                                               (c) 

Fig. 2 - (a) The cylindrical shell problem. (b) h-convergence plot for third order elements. (b) h-convergence plot 
for fourth order elements. (Sze at al 2016). 
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ABSTRACT 

In the present paper, an extension to the Featherstone's divide-and-conquer algorithm (DCA) 
[1] is developed to model constrained multibody systems, by splitting the integration time 
using the finite-temperature string (FTS) method proposed by E. Vanden-Eijnden [2]. This is 
a very stable and effective way of identifying optimal trajectories between system states. The 
system trajectory is discretized in a string of time-frames, where each frame describes an 
admissible conformation. The local propensity and dynamics in each frame configuration 
space neighbourhood is evaluated in parallel using the DCA. 

Keywords: multibody system, generalized divide-and-conquer algorithm; energy landscape. 

 

INTRODUCTION 

Molecular dynamics (MD) simulations have become a popular tool for simulating a variety of 
complex systems [3]. With the advent of massively parallel computer resources, one now 
routinely sees applications of MD to systems as large as several million atoms, which is 
almost the size of most nano-materials [4]. However, it is not yet possible to reach laboratory 
time-scales of milliseconds and beyond with MD simulations. The diversity of time scales are 
devastating the direct dynamic simulation.  The dynamic of this systems is characterized by 
sequences of rare events [5], long waits periods around stable conformations followed by 
sudden jumps from one state to another produced by external phenomena like impact or 
thermal fluctuations. These changes are assumed to occur on a time scale that is much larger 
than the micro-time scale in the system dynamics. Due to the essentially sequential nature of 
time, parallel computers have been of limited use in solving this so-called time-scale problem.  
Instead, over the years a large range of approaches have been proposed for accessing time-
scales that are well beyond the reach of the fastest computers [6].  

 

RESULTS AND CONCLUSIONS 

Each conformation is subjected to propensity forces and thermal fluctuations and its dynamic 
is used to sampling the energy landscape [7]. Here the divide and conquer formulation, is 
similar to that presented in [8] and [9], using penalty and augmented Lagrangian approach for 
constraint imposition and absolute coordinates for the system state description. The FTS 
method is used to stabilise the string structure and identify the isocommitter surfaces in each 
frame configuration space neighbourhood, where the most probable conformations are 
concentrated [8]. In this scheme generalized constraint forces are considered in the equations 
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of motion to enforce the system algebraic constraints and to enforce the kinematic constraints 
imposed by the FTS method to define the effective transition tube inside which the 
trajectories must stay. For the FTS implementation, we followed [7], where the process is 
decomposed in smoothing mean string phase, a re-parametrization phase and reinitialization. 
Here the smoothing phase is used to avoid numeric instability on the gradients used for the 
DCA implementation. The re-parametrization is done by polynomial interpolation and used 
on the string structure preservation, by normalizing the total trajectory time-step arc-length.   

This methodology is tested in finding minimum-energy trajectories between different 
conformations of a simple protein, 1HJE ALPHA-CONOTOXIN SI. For that the macro 
molecule is modelled as an open-chain multibody system, with strong local propensity [10], 
where the conformational transitions is dominated by changes in soft torsional angles and its 
potential energy is generated from the CHARMM22 force field. Our code was integrated in 
the Lammps project [4], using part of the POEMS fix source code [11], and used for our test 
example in a GPU cluster of several nodes with APACHE MESOS and DC/OS on Amazon 
AWS. 
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ABSTRACT 

The aim of this work is conduct numerical simulations to verify the deep drawing process and 
the shape of the final stamping component of a simple profile of a sheet metal geometry. To 
evaluate the design of sheet metal forming, ANSYS software was used. A nonlinear dynamic 
explicit numerical model was developed using two different models: a 3D quarter and a 2D 
axisymmetric finite element model, due the geometry and loading conditions symmetry to 
reduce the computational time processing. The numerical simulations showed the shape 
deformation occurring after start the process and provided detailed quantitative information 
about expected weakness of the resulting piece. 

Keywords: explicit dynamic, sheet metal, stamping. 

 

INTRODUCTION 

There are many industrial enterprises that use forming processes like deep drawing and 
stamping in order to produce sheet metal components with high productivity in large scale. In 
metal forming, a piece of material is plastically deformed to obtain the desired product with 
applications in different industrial areas (automobiles, trucks, airplanes, railway cars, 
locomotives, construction equipment, office furniture, office equipment…). Metal forming is 
one of the most important steps in manufacturing (Swadesh et al, 2014). In order to plastically 
deform a metal a force must be applied that will exceed the yield strength of the material. 
There are two different main classes of metal forming: the bulk and the sheet metal forming. 
Bulk deformation process is characteristic in that the work formed has a low surface area to 
volume ratio. The four basic bulk deformation processes are: rolling, forging, extrusion, wire 
and bar drawing. In sheet metal working, the metal being processed will have a high surface 
area to volume ratio. In this process cutting and forming operations are performed on 
relatively thin sheets of metal (0.4mm to 6mm). The three major categories are cutting, 
bending and drawing. The main advantages of the sheet metal parts are: high strength, good 
dimensional accuracy, good surface finish, relatively low cost for large quantities.  

Until few years ago design of sheet metal forming was based on knowledge through work 
experience and expensive trial and error process. Nowadays the use of numerical simulations 
in different phases of the sheet metal forming process are performed using finite element 
analysis (Ranganath et al, 2012). Different codes are available for finite element analysis in 
metal forming such as Abaqus, Dynaform, Nike 2D, Ansys, etc. Also axisymmetric 
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deformation of sheet metal blanks is used to represent a cylindrical piece made of flat metal 
sheets, in pieces with axial symmetry. Different works demonstrated the relevance of this type 
of studies to prevent the occurrence of geometrical defects such as springback, wrinkling and 
surface appearance problems and to optimize various process variables, (Swadesh et al, 
2014). Deep drawing is the metalworking process used for stamping flat sheets into cup-
shaped forms, where the metal is subjected to different types of deformations (Dieter, 1961). 

According the main objective to obtain a successful stamping component, the engineer 
methodologies carries out the computer aided analysis based on the finite element method, 
(Firat, 2007). This tool helps the stamping methods engineer to reduce the costly and error 
iterations of the sheet metal forming with stamping criteria, (Firat, 2007). 

In this work, in order to assess the stamping performance of the cylindrical sheet metal piece, 
different numerical simulations were performed in the finite element code, starting from a 
Benchmark problem. In all simulations the complete die-face design composed of the punch, 
binder and the die geometry is assumed to be rigid components. The blank material is the high 
strength steel of thickness 1mm. To increase the accuracy in the numerical simulations 3 
different types of analysis were produced using: 3D quarter model with Solid 164 and Shell 
163 elements; 3D quarter model only with Solid 164 elements and 2D axisymmetric model 
with Plane 162 element. This program is based on the explicit dynamic finite element (FE) 
method and incorporates the dynamic characteristics involved in this process. 

 

STUDY CASE 

Drawing is a sheet metal forming operation used to make cup shaped, box shaped, or other 
parts, (Groover, 2010). Figure 1 represents the basic drawing operation with the main 
dimensions and parameters.  

 
Fig. 1 - (a) Drawing of a cup shaped part: (1) start of operation, (2) near end of stroke. 

(b) corresponding workpart, (Groover, 2010). 
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There are various process parameters used in deep drawing process: punch force, drawing 
force, holding force, sheet metal blank thickness, punch velocity, punch stroke, coefficient of 
friction…  

The most relevant dimensions considered in the present study of the punch (A), blank holder 
(B), sheet metal blank(C) and die (D) are shown in table 1, (Evangelista, 2000). The blank 
then has the same weight as the cup. A blank of correct thickness would be cut to the diameter 
necessary to produce this weight (Gyadari, 2013). Several formulas are available for 
calculating the blank diameter, as follow: 

 

Db = (Dp 
2
 + 4 Dp h)1/2

        (1) 

 

Table 1 - Basic geometrical parameters 

Parameters Dimensions in mm 

Punch diameter, Dp 

Punch nose radius, Rp = 4 t (as a start) 

Punch thickness 

Cup height of the first draw 

Cup total height, h 

Clearance between punch radius and die radius, C ± ≥ 1,1 t 

50 

4 

4 

25 

29 

1,5 

Sheet metal blank diameter, Db 

Sheet metal blank thickness, t 

100 

1 

Die profile radius  

Die shoulder radius, Rd  (4 t ≤ Rd  ≤ 8 t) 

Die cavity height 

26,5 

8 

29 

Blank holder radius 

Blank holder thickness 

36,5 

2 

Measures of drawing 

Drawing ratio, DR=Db/Dp << 2 (only one stage) 2 

Reduction, r= (Db - Dp)/Db  << 0,5 0,5 

Thickness to diameter ratio, 100 x (t/Db) >> 1% 1% 

 

Considered measures of drawing are necessary to verify, as calculated in table 1. According 
(Groover, 2010) the following limits need to be verified: the drawing ratio provides the 
severity of the operation according greater value; an approximate upper limit is a value of 2; 
the reduction value should be less than 0,5; the thickness of the starting blank to the blank 
diameter ratio is desirable to be greater than 1%, when decreases tendency for wrinkling 
increases. In cases where these limits on drawing ratios are exceeded, the blank must be 
drawn in two or more steps. For die design the recommended corner radius is 4t and increase 
it if necessary, the smaller the die radius the grater the force needed to draw the cup. The 
punch nose radius needs to be larger than needed and reduce its size in subsequent operations.  
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Carbon steel plate material SAE-AISI 1008 for sheet metal blank stamping is used. The 
mechanical properties are summarized in table 2, where σy is the yield stress, σu is the 
ultimate tensile strength and K the strength coefficient.  

Table 2 - Material properties for steel alloy (AISI 1008) 

Properties Sheet metal blank 

Density (kg/m3) 7850 

Young’s Modulus (GPa) 210 

Poisson’s ratio 0,3 

σy (MPa) 180 (180 to 310) 

σu (MPa) 330 (330 to 370) 

K (MPa) 660 

From an analysis of the forces in equilibrium during the formation of a deep-drawn cup, the 
use of an approximate equation for the total punch force as a function of the diameter of the 
blank at any stage in the process. An approximate equation of the maximum drawing force F 
(in N) or punch load has been developed (Schey, 1987), (Groover, 2010), (Tschaetsch, 2005), 
(Kumar, 2016): 

F = π Dp t σu (Db/Dp - C)     (2) 

C is a constant between 0,6 to 0,7, (Chaudhari,2016), (Kumar, 2016). The drawing force F 
varies throughout the downward movement of the punch, usually reaching its maximum value 
at about one-third the length of the punch stroke (Groover, 2010). A factor of safety should be 
taken. In the study case the draw force was equal to 80,8kN (=67,4kN x 1,2). 

A holding force was applied directly on the blank holder, usually represents 33% of the 
drawing force (Fh=33% x 80,8= 26kN), (Kumar, 2016). According the dimensions and the 
material, the calculated holding force was equal to 26kN. The holding force Fh (in N) is an 
important factor in drawing operation.  

In the case of low blank holder force there is wrinkle usually in the flange of the drawn part, 
when increasing wrinkle is reducing. But large value of the blank holder force will cause 
fracture in the material. The press force capacity can be calculated by using the adding 
between the draw force using a safety factor and the blank holding force, (Chaudhari,2016). 
In the study case the value is equal 108kN (or 11 ton). Other considerations should be 
considered in deep drawing to control the sheet metal fracture, as excessive friction between 
blank and punch, insufficient clearance between punch and die and insufficient punch or die 
corner radius. 

 

EXPLICIT DYNAMIC FEM MODEL 

An explicit dynamic finite element (FEM) model was developed using ANSYS program, 
most helpful in solving high deformation time dependent problem. The program is a nonlinear 
transient dynamic finite element method with both explicit and implicit solvers. ANSYS is 
widely used in applications of sheet metal forming (as metal stamping, hydro forming, 
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forging, deep drawing, multi-scale processes) predicting the level of stresses and 
deformations in the metallic material and determine if the metal will fail, (Abdulla, 2013). 

Explicit scheme is a function of time, where the velocity and acceleration as well as the mass 
and damping need to be considered in this scheme. Central difference time integration is used 
to calculate field variables at respective nodal points, particularly suited for nonlinear 
problems. The equation of motion is evaluated at the previous time step and works in time 
step increments, where the displacements are calculated as the time proceeds. Gradually as 
time would progresses the deformation also would change. The time step for implicit solvers 
is about two to three orders of magnitude of the explicit time step. The explicit solvers are 
best suited to treat problems of short duration, with high loading velocity and highly nonlinear 
nature that require small time steps for accuracy reasons.  

The proposed numerical model intents to simulate the stamping process, as a practical 
problem with industry interest, and to evaluate the mechanical stress and deformation in 
stamping piece. The input die assembly model (die, blank, blank holder and punch) were 
constructed in pre-processor using tool CAD-geometry in the FEM program. After the 
generated CAD model, a fine meshing is created.  

Figure 2 represents different meshes used in this work. In all simulations the complete die-
face design composed of the punch (A), binder or blank holder (B) and the die geometry (D) 
is assumed to be rigid components. The sheet metal blank material (C) is the high strength 
steel of thickness 1mm.  

 

 
(I): 3D quarter: Solid164 (8nodes) / Shell163 (4nodes)       (II): 3D quarter: Solid164 (8nodes)    (III): 2D Axisymmetric: Plane162 (4nodes) 

Fig. 2 - Different meshes of die assembly,  
(A-Punch, B-Binder or Blank Holder, C-Sheet metal blank, D-Die). 

 

To increase the accuracy in the numerical simulations 3 different types of analysis were 
produced using: (I) three dimensional (3D) quarter model with Solid 164 and Shell 163 
elements; (II) three dimensional (3D) quarter model only with Solid 164 elements and (III) 
two dimensional (2D) axisymmetric model with Plane 162 element. A discretized mesh was 
used, according a length of the finite element equal to 1mm (I) and 0,5mm (I and III), as 
represented in figure 1. Also, the definition of the materials and tool motions are important 
steps in forming simulation.  
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All boundary conditions will be considered due the geometry and dynamics characteristics 
involved in the process. In 3D problem only a quarter of the geometry was modelled and 
symmetry boundary conditions used. In 2D problem due to axisymmetric boundary conditions 
the central left region nodes will not move in the left direction due to the constraint.  

For dynamic process, punch is displayed vertically downwards to establish contact with the 
blank with a punch speed equal to 1,7m/s. To improve the material flow control, a constant 
blank holder force is used, equal to Fh=26kN and applied vertically in binder to simulate a 
contact between the blank holder and the blank. 

In ANSYS contact interaction between all components in die assembly was formulated using 
the *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE, generally recommended for 
this type of process. Thus, by choosing automatic surface to surface contact, the program will 
automatically adjust for the changes which occur during this simulation. 

Contact assuming Coulomb friction between the blank, punch, die surface and the blank 
holder was modelled. In ANSYS its behaviour can be controlled with the parameters on the 
*CONTACT_... card: static and dynamic friction coefficients, exponential decay coefficient 
and coefficient for viscous friction. It is required the definition of the frictional coefficients. 
Dynamic friction coefficient between the blank and the die surface was very low (friction 
coefficient 0,04 or lower) due to the lubricant (Yasar and Kadi, 2007). The dynamic friction 
coefficient between the blank and the blank holder and the punch was assumed with the same 
value equal to 0,04. Static friction coefficient between all components for cold working was 
equal to 0,1 (Groover, 2010).  

Also, time step size is automatically adjusted to satisfy the contact between different bodies 
and the program checks all elements when calculating the required time step. In explicit 
analysis, the time step is affected by element size and material sound speed. For stability 
reasons, a scale factor (0,9) is used to decrease the time step. In all simulations the time step 
used was equal to 0,00015s until end time 0,015s, estimate time due the cup height and the 
punch speed. 

To define the material model of the metal should be taken in consideration the strain-rate with 
dependency of the isotropic material plastic curve. The rate sensitive power law plasticity 
model is a strain rate dependent plasticity model typically used for superplastic forming 
analysis. The sheet metal blank is made of a steel alloy material that is assumed to satisfy the 
stress-strain curve Ramburgh-Osgood as constitutive relationship, (Groover, 2010): 

 

σ =K εm
 εn           (3) 

 

where σ is the stress; K is the reference stress value or strength coefficient; m the hardening 
coefficient equal to 0,012; n is the strain rate sensitivity coefficient considered 0,19; ε the true 
strain and ε the initial strain rate considered equal to 30, (Evangelista, 2000). All these 
parameters permit to identify the correspondent plastic flow curve.  

In the numerical model, the Ramburgh-Osgood law is applied through the 
*MAT_RATE_SENSITIVE_POWERLAW _PLASTICITY (*MAT type 64) in ANSYS 
material library. The punch, binder and die were modelled as a rigid body in order to reduce 
the computing time and resources.  
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NUMERICAL RESULTS 

The main objective is the numerical model forming a cylindrical cup of 50 mm diameter and 
25 mm deep in 0,015s. Deformed shapes of the blank at different drawing depth are presented 
in figure 3, for each numerical model. Models (I) (II) and (III) were simulated with a 
complete die assembly including the blank holder and the effect of the applied holding force. 
Also, only the Model (I) was simulated without the blank holder part to verify the flange 
wrinkling effect during the sheet metal forming. 

 

Die assembly  

without blank holder 
Die assembly with blank holder and applied holding force 

Model (I) Model (I) Model (II) Model (III) 

 

Time=0,00495s  

Depth=0,00809m 

 

Time=0,00495s  

Depth=0,007982m 

 

Time=0,00495s  

Depth=0,007458m 

 

 

Time=0,00495s  

Depth=0,007445m 

 

Time=0,01095s  

Depth=0,018229m 

 

Time=0,01095s  

Depth=0,018069m 

 

Time=0,01095s  

Depth=0,017764m 

 

 

Time=0,01095s  

Depth=0,017697m 

 

Time=0,015s  

Depth=0,025127m 

 

Time=0,015s  

Depth=0,024939m 

 

 

Time=0,01155s  

Depth=0,018833m 

 

 

Time=0,015s  

Depth=0,024616m 

Fig. 3 - Different deformed shapes of the blank 
 

Considering the results at different time instants and considering all die assembly, it is 
observed that the model (I) represents the total depth circular cup drawing. With model (II) 
only 18,8mm in depth is obtained. 2D Axisymmetric Model (III) permits to calculate the cup 
depth of 24,6mm, however the deformed thickness sheet metal decrease significantly.  
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In all meshes until time instant to obtain 18mm drawing depth the results are in good 
agreement, but increasing the time punch progression the results become no closer to a 
converging values.  

Shell elements in model (I) allow the modelling of thin blank with fewer elements than solid 
elements, easier to mesh and less prone negative Jacobian errors, which might occur when 
using thin solid features. 3D solids elements are best for thick combinations.  

Model (I) without the blank holder intends to demonstrate the instability effect in the body of 
the piece with a deep drawing simulation. It is necessary blank holder load to prevent 
wrinkling. Increasing this force by using a blank holder of an appropriate size will ensure a 
reduction in wrinkling height, (Patel, 2014). 

Figure 4 represents the distribution of equivalent plastic strains for successive trails of the 
stamp falling in time instants in expanded model. Maximum plastic deformations are 
observed with red colour region or in grey colour with higher values than model (I). The blue 
colour represents minimum strains in the sheet metal blank. In this study, generally maximum 
strain occurs on the lateral wall cup where tension in side wall is higher. 

 

Die assembly with blank holder and applied holding force 

Model (I) Model (II) Model (III) 

 

Time=0,00495s  

 

Time=0,00495s 
 

Time=0,00495s 

 

Time=0,01095s  
 

Time=0,01095s 
 

Time=0,01095s 

 

Time=0,015s  

 

Time=0,01155s 
 

Time=0,015s 

 

Fig. 4 - Equivalent plastic strain in expanded deformed shapes of the blank 
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CONCLUSION 

The results from the numerical simulations produced comparisons between all types of finite 
element models. And it was observed that there was a good correlation between all different 
simulations until time instant to obtain a cup of 18mm drawing depth. 

This study shows the finite element procedures for the sheet metal forming process and 
presents the performance of the use of axisymmetric conditions in the balance of the 
computational requirements against the desired accuracy of the results. 

With numerical simulations it is possible to observe the quality of the piece according the 
thickness distribution, and also detects some defects like wrinkling, crushing and tearing 
material. 
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ABSTRACT 

Zinc alloy is the preferred material for high pressure die casting (HPDC) production due to 
the good casting and mechanical properties, and the most common defect of zinc alloy die 
casting is air entrapment. A gas-liquid multiphase flow model is adopted to predict the gas 
entrapment defect during zinc alloy HPDC filling process, and the continuum surface force 
(CSF) model is used to treat the surface tension of gas-liquid multiphase. In addition, finite 
volume method (FVM) is adopted for discretization equations; the pressure implicit with 
splitting of operator (PISO) algorithm is adopted for coupling pressure and velocity; the 
volume of fluid (VOF) algorithm is adopted for interface tracking. A water filling experiment 
of an S-shaped channel is simulated, and the simulation results coincide well with the 
experiment results, which certifies the accuracy of the adopted model. Two HPDC filling 
processes of zinc alloy with different ingates are calculated, and the simulation results show 
that the gas entrapment defect with single ingate is obviously more than with double ingates, 
which coincide basically with the experiment results. 

Keywords: gas-liquid multiphase flow, air entrapment, high pressure die casting, surface 
tension, finite volume method, numerical simulation. 

 

INTRODUCTION 

Zinc is one of the key developing metals in Chinese non-ferrous metal industry. Zinc alloy 
has many merits, such as the low melting point, and the high resistance to oxidation during 
melting, then the service life of the metal mould can be ensured; moreover, zinc alloy has 
good casting properties and can not adhere to the mould easily; meanwhile, zinc alloy has 
good deformation resistivity, high strength and abrasion resistance [1-3]. In the process of 
high pressure die casting (HPDC), the liquid metal fills the chamber with high speed and 
solidifies under pressure, so the production efficiency of HPDC is high and the product 
dimensional precision is well [4, 5]. The casting types of HPDC divide into hot and cold 
chamber die casting [6, 7]. Zinc alloy is widely used in the die casting products with thin wall 
and high demand of surface smoothness, and the casting type for zinc alloy is mainly hot 
chamber die casting [8]. The most common defect of zinc alloy die casting is air entrapment, 
which makes the metal structure loose and reduces the electric conductivity and strength, and 
the main source of the air entrapment defect is the gas entrapped during the filling process [9, 
10]. Therefore, it is of great significance for zinc alloy HPDC production to predict the air 
entrapment defect accurately. 
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HPDC process has the characteristics of high filling speed and great interaction effect 
between gas and liquid metal. With the gradual improvement of numerical techniques, 
international and domestic scholars have done many researches deeply in the field of 
numerical simulation by HPDC [11-17]. Homayonifar et al. [18] calculated the air porosity 
distribution for HPDC based on the SOLA-VOF algorithm and a mixed VOF-Lagrange 
algorithm was developed in order to model splashing in HPDC, but the influence of gas phase 
during the filling process was not considered, such as the hindering effect of the isolated gas 
to the liquid metal. Zhao et al. [19] adopted direct finite difference method (DFDM) to 
describe the shape and location of free surfaces in casting mold filling processes, and the 
study indicates that final porosities in high pressure die castings are dependent on both gas 
entrapment during mold filling process and pressure transfer within solidification period. Ren 
et al. [20] simulated the filling processes of cool runner system and hot runner system by 
Flow-3D software, and the results show that using hot runner system in zinc die casting can 
reduce the loss of heat and pressure, save raw materials and improve quality as well as 
increase pattern yield. Cleary et al. [21] simulated HPDC process based on smoothed particle 
hydrodynamics (SPH) algorithm, which belongs to Lagrangian simulation techniques, and the 
results demonstrate that SPH simulations can be performed in reasonable computation times 
for large scale automotive castings and provide a high degree of predictive accuracy. Wu et al. 
[22] established a nucleation model that correlated the cooling rate with the nucleation density 
of magnesium alloys during solidification of HPDC process, and the model can also reveal 
the dendrite morphology with features of secondary and ternary dendrite branches. As seen 
from the relevant references, single-phase flow model is often applied in the simulation of 
HPDC filling process at present. In consideration of the great effect of gas phase to the HPDC 
filling process, gas-liquid multiphase flow model is of great value for simulating the HPDC 
filling process. 

In the field of numerical simulation by casting process, finite difference method [23] (FDM), 
finite element method [24] (FEM) and finite volume method [25] (FVM) are the three most 
common numerical methods. FDM is easy to be implemented, while it’s only suitable for 
structured mesh, causing that FDM can’t fit complex surface boundary well [26]. FEM is 
appropriate for unstructured mesh and has a high calculation accuracy, but used for solving 
the thermal and stress field mainly [27]. FVM has the definite physical meaning and can be 
applied to unstructured mesh, and it is exercisable easily for FVM to discretize the governing 
equations, so FVM is widely used in computational fluid dynamics (CFD) [28]. The coupled 
solution of the pressure and velocity needs special handling in numerical modeling. Semi-
implicit method for pressure-linked equations (SIMPLE) [29] algorithm and pressure implicit 
with splitting of operator (PISO) [30, 31] algorithm are widely adopted as the coupled 
solutions. SIMPLE algorithm is mainly used for steady flow, and PISO algorithm is mainly 
used for transient flow. One of the key techniques in two phase flow simulation is the 
interface tracking, which falls into two major categories: explicit interface tracking [32] and 
implicit interface tracking [33]. In the explicit interface tracking methods, the interface is 
tracked explicitly by mesh or particles, but the geometric topology change can not be handled 
well for the complex interface; in the implicit interface tracking methods, the interface is 
represented by the volume fraction of each elements, so it is fit for handling the complex 
geometric topology change and considering the effect of surface tension, and the volume of 
fluid (VOF) [34] algorithm is the most famous implicit interface tracking method. Taking the 
analysis above into consideration, synthesizing FVM for discretization governing equation, 
PISO for velocity-pressure coupling and VOF for interface tracking is appropriate for 
predicting the gas entrapment defect in zinc alloy HPDC process. 
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A gas-liquid multiphase flow model is used to handle the interaction effect between gas and 
liquid metal during zinc alloy HPDC filling process in this paper, and the surface tension of 
gas-liquid multiphase is also considered, then the gas entrapment defect of zinc alloy HPDC 
can be predicted accurately. FVM is adopted for discretization equations; PISO algorithm is 
adopted for coupling pressure and velocity; VOF algorithm is adopted for interface tracking. 
Through the work above, a fluid field numerical simulation program of HPDC based on gas-
liquid multiphase flow model is developed. An S-shaped channel water filling experiment is 
simulated, and the simulation results are compared with the experiment results. Two HPDC 
filling processes of zinc alloy with different ingates are calculated, then the gas entrapment 
defects are compared according to the simulation and experiment results. 

 

MATHEMATICAL AND NUMERICAL MODELING 

(a) Governing Equations 

The volume ratio α  which represents the volume fraction of phase 1 at different locations, is 
adopted in VOF algorithm. The value 1 of α  means that phase 1 completely occupies the 
location, and the value 0 means the contrary situation, so the value of α  around the interface 
is between 0 and 1. The volume fraction equation which controls the distribution rule of α  is: 

( ) 0
t

α
α

∂
+ ∇ ⋅ =

∂
U                (1) 

According to the distribution of α , the unit normal vector in  at the interface can be 

calculated by: 

i

α
α

∇
=

∇
n                 (2) 

where the direction of in  is from phase 2 to phase 1. And then the curvature κ  of the 

interface can be gotten by: 

iκ = −∇⋅ n                 (3) 

The CSF [35] (continuum surface force) model is used to treat the surface tension of two 
phase flow in this paper, which can obtain the continuous pressure distribution, thereby the 
surface tension σF  at the interface can be obtained by: 

Cσ κ α= ∇F                 (4) 

Navier-Stokes equation [36] which is also called momentum equation, controls the change of 
U : 

( ) p
t

ρ
ρ

∂
+ ∇ ⋅ − ∇ ⋅ = −∇ +

∂
ττττ

U
UU S              (5) 

The definition of the mixed density ρ  is: 

( )1 1 2 2 1 1 1 21ρ α ρ α ρ α ρ α ρ= + = + −              (6) 

Other physical parameters such as dynamic viscosity are also handled in the same way of ρ . 

The source term S  can be expanded as below: 
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Cσ ρ κ α ρ= + = ∇ +S F g g               (7) 

The fluids in this paper are supposed to be impressible, therefore the continuity equation 
which represents the mass conservation is: 

0∇ ⋅ =U                 (8) 

 

(b) Boundary conditions 

By the above governing equations, in order to consider the influence of the gas to the liquid in 
the filling process of zinc alloy HPDC, the state motions of both the liquid and the gas are 
calculated in this paper. So the boundary conditions should be assigned on all boundaries. 
With regard to the HPDC process, the boundary types can be classified as inlet, outlet and 
wall. 

For the inlet boundary, the volume fraction of phase 1 and the velocity are set artificially, and 
the pressure gradient is zero. For the outlet boundary, the pressure is set artificially, and the 
gradients of phase 1 volume fraction and the velocity are zero. For the wall boundary, the 
velocity boundary condition is no-slip, and the gradients of phase 1 volume fraction and the 
pressure are zero. The specific boundary conditions set in this paper are shown in Table 1. 

Table 1  Boundary conditions 

 inlet outlet wall 

velocity inlet=U U  {0,0,0}x y zU U U∇ = ∇ = ∇ =  {0,0,0}=U  

pressure {0,0,0}p∇ =  
outletp p=  {0,0,0}p∇ =  

volume fraction of 
phase 1 1α =  {0,0,0}α∇ =  {0,0,0}α∇ =  

where the given pressure of the outlet outletp  is usually set to the normal atmosphere or zero. 

 

(c) Discretization equations and calculation methodology 

The governing equations in this paper are discretized in the manner of FVM method. In the 
discretization process of FVM, volume integral of both equation ends are gained in terms of 
every control element, and corresponding interpolation operations are adopted, finally the 
solvable discrete equations can be obtained [25]. The volume integral of momentum equation 
is as below: 

( )
CV CV CV CV CV

dV dV dV pdV dV
t

ρ
ρ

∂
+ ∇ ⋅ − ∇ ⋅ = − ∇ +

∂∫ ∫ ∫ ∫ ∫ττττ
U

UU S          (9) 

Gauss divergence theorem is a kind of transformation relation between volume integral and 
surface integral in vector field, as follows: 

f

CV A

dV dA∇ ⋅ = ⋅∫ ∫F n F             (10) 

By substituting Eq. (10) into Eq. (9), it can be acquired as below: 
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( ) ff

CV A A CV CV

dV dA dA pdV dV
t

ρ
ρ

∂
+ ⋅ − ⋅ = − ∇ +

∂∫ ∫ ∫ ∫ ∫ττττ
U

n UU n S          (11) 

By reference to the relevant discretization operations in Ref. [25], such as the discretization 
formula for the diffusion term developed by Mathur [37], the higher-order differencing 
schemes for the convective term, and the co-located arrangement is used for velocity 
components and pressure. Then the discrete equations of momentum equation can be 
formulated as: 

P P N N i i

N i

p= + +∑ ∑A U A U B A            (12) 

According to Eq. (12), the velocity of the current control element P  can be calculated by the 
velocity and pressure of the control elements contacting with P . 

The volume integral of continuity equation is shown below: 

0f

A

⋅ =∫ n U               (13) 

The face velocity fU  is acquired by the interpolation scheme developed by Mathur [37], as 

follows: 

( ) ( )1

2 2
P N P N P N P N

f PN

P N PN PN

p pV V p p

A A ξ

∇ + ∇ + + − = ⋅ + + ⋅   + ⋅   

U U
U n e

n e
        (14) 

By substituting Eq. (14) into Eq. (13), the discrete equations of continuity equation can be 
formulated as: 

,p i i p

i

p =∑ A S              (15) 

According to Eq. (14) and Eq. (15), the continuity equation has been transformed into the 
pressure equation, by the special interpolation scheme for the face velocity. Further, the 
momentum equation and the continuity equation can be solved in a coupled solution. 

Based on the discrete operations above, the discrete equation of the volume fraction equation 
can be obtained easily, as follows: 

,i i

i

α αα =∑ A S               (16) 

PISO algorithm [30] is introduced into the coupled solution of the pressure and velocity in 
this paper, which is a non-iterative solution algorithm for transient flow, and the general 
calculation process of PISO is shown in Fig. 1. 

 
Fig. 1 - The general calculation process of PISO algorithm 
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RESULTS 

According to the mathematical and numerical model above, the fluid field numerical 
simulation program of HPDC filling process based on gas-liquid multiphase model was 
developed in this paper. In order to verify the accuracy of the adopted model, an S-shaped 
channel water filling experiment is simulated, which was performed by Schmid [38], and the 
simulative results are compared with the experimental results. Then, two HPDC filling 
processes of zinc alloy with different ingates are calculated, and the gas entrapment defects 
are analyzed, which are also compared with the experimental results. In addition, the mesh 
generation tool used in this paper is ICEM CFD [39], and the open source software ParaView 
[40] is used for post-process. 

 

(a) Filling of an S-shaped channel 

The water experiment was performed on a cold chamber die-casting machine [41, 42], and the 
inner chamber is a horizontal S-shaped channel. The geometric dimension of the S-shaped 
channel is shown in Fig. 2, and the thickness of the channel is 2 mm. The valve which is 
shown in the top of Fig. 2 is designed to be very small, so the gas entrapment phenomena can 
be observed obviously during water filling. The inlet velocity is designed to be 8.7 m/s, which 
is very high compared to typical filling process. Table 2 contains the parameters needed in the 
simulation. 

 
Fig. 2 - The geometric dimension of the S-shaped channel (unit: mm) 

 

Table 2  The parameters needed in the simulation of the S-shaped channel 
parameter value 
water density (kg/m3) 1000 
air density (kg/m3) 1 
water dynamic viscosity (Pa·s) 1e-3 
air dynamic viscosity (Pa·s) 1e-5 
water-air surface tension coefficient (N/m) 0.07275 
acceleration of gravity (m/s2) {0,0 - 9,8} 
inlet velocity (m/s) {0,8 - 7,0} 
outlet pressure (Pa) 0 
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The comparison between the experimental results and the simulative results are shown in Fig. 
3, and the simulative results include the distributions of water volume fraction and gas-liquid 
velocity. As seen from the comparison results, at 7.15 ms, the water flow had a sharp front 
under the influence of the curved inlet in experiment, which the simulative results 
corresponds with well; at 25.03 ms, a big gas bubble existed at the low right in both the 
experimental and simulative results; at 39.34 ms, the water flow began to touch the upper 
right wall in both the experimental and simulative results, and the bubble at the low right 
became smaller; at 53.64 ms, the water front reached the valve, and the distribution of water 
flow basically coincided between the experimental and simulative results. Moreover, the air 
was driven strongly by the water flow in the filling process, according to the distribution of 
gas-liquid velocity. In consequence, the accuracy of the adopted model is certified well for 
simulating high speed filling process by the comparison results. 
 
 

 
Fig. 3 - The comparison between the experimental results and the simulative results of S-shaped channel filling 
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 (b) Geometric model of zinc alloy HPDC and parameters setting 

For the sake of analyzing the gas entrapment defect in zinc alloy HPDC filling process, two 
schemes with different ingates were designed in this paper. Figure 4 shows the geometric 
model and mesh of scheme 1 and scheme 2, and the locations of inlet and outlet are marked in 
Fig. 4. In scheme 1, the inlet with single ingate locates the bottom of the casting; In scheme 2, 
the inlet with double ingates locate the left and right sides of the casting. The overall 
dimensions of the casting is 112×28×18 mm. 

 

 

Fig. 4 - The geometric model and mesh of scheme 1 and scheme 2 

The zinc alloy material used in the experiment is Zamak3, the chemical compositions of 
which are 95.87% Zn, 4.00% Al, 0.03% Mg, 0.10% Cu. Table 3 contains the parameters 
needed in the simulation. 

Table 3 - The parameters needed in the simulation of zinc alloy HPDC filling 
parameter value 
zinc alloy density (kg/m3) 6300 
air density (kg/m3) 1 
zinc alloy dynamic viscosity (Pa·s) 0.05 
air dynamic viscosity (Pa·s) 1e-5 
zinc alloy-air surface tension coefficient (N/m) 0.0782 
acceleration of gravity (m/s2) {0,0, - 9.8}  

inlet velocity (m/s) {3.5,0,0}  

outlet pressure (Pa) 0 
 
Before analyzing the simulative and experimental results, it is necessary to firstly introduce 
the heat treatment method of the casting in this paper. Heat treatment is unfit for the 
traditional die castings, for the reason that the metal strength reduces after heating, and the 
gas entrapped during the filling process expands by heating, thus convex bubbles can be 
observed with ease on the casting surface. Making use of this phenomenon, the die castings 
were heated, so as to intuitively observe the gas entrapment defect. The specific craft of heat 
treatment in this paper is temperature (350 °C) and time (3 hours, not contain the time of 
heating up). The effects of the zinc alloy castings after heating are shown in Fig. 5, and the 
expanded bubbles after heating are inside the red wireframes. 
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Fig. 5 - The effects of the zinc alloy castings by heat treatment 

 

(c) Comparison and analyses for simulation and experiment results 

Figure 6 shows the liquid volume fraction and velocity of scheme 1 and scheme 2 after filling 
0.015 s. From the comparison results, in scheme 1, the velocity of the liquid flow was high 
when entering the chamber and the direction was up-inclined, because the ingate is on the 
bottom and the cross section area of the ingate gradually lessens, and the liquid front flowed 
along the upper wall after touching the upper wall; in scheme 2, the direction of the liquid 
flow was horizontally forward, because of the double ingates located the left and right sides of 
the casting. Therefore, a big closed gas region appeared on the upper left of the casting in 
scheme 1, by reason of the up-inclined liquid flow, and the gas phase distributions of scheme 
1 and scheme 2 after filling 0.055 s are shown in Fig. 7. As seen from Fig. 7, in scheme 1, a 
mount of gas was entrapped in the left during the filling process, although the entrapped gas 
could move forward gradually with the liquid flow, but it was very easy to form tiny gas 
entrapment defect; in scheme 2, most of the gas phase moved towards the outlet. 

 

 
 

Fig. 6 - The liquid volume fraction and velocity of scheme 1 and scheme 2 after filling 0.015 s 
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Fig. 7 - The gas phase distributions of scheme 1 and scheme 2 after filling 0.055 s 

 

Figure 8 shows the experiment results of scheme 1 and scheme 2 including the zinc alloy die 
castings and the heated castings, and the simulation results of the final zinc alloy distributions. 
By the comparison of the die castings of scheme 1 and scheme 2, the surfaces of the die 
castings were smooth, so it is most unlikely to distinguish the gas entrapment defect by sight. 
From the comparison of the heated castings of scheme 1 and scheme 2, it is obvious that a lot 
of gas distributed on the middle and outlet end of the casting in scheme 1, and there was only 
a handful of gas on the outlet end of the casting in scheme 2. By the comparison of the 
simulation results of the final zinc alloy distributions, more gas existed on the middle and 
outlet end of the casting in scheme 1, and bits of gas concentrated on the outlet end of the 
casting in scheme 2. As seen from the comparison results, the simulation and experiment 
results agree basically for the gas entrapment defect. 

 

 
 

Fig. 8 - The experiment results of scheme 1 and scheme 2 including the zinc alloy die castings and the heated 
castings, and the simulation results of the final zinc alloy distributions 
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CONCLUSIONS 

1) A gas-liquid multiphase flow model is adopted to predict the gas entrapment defect during 
zinc alloy HPDC filling process, and the fluid field numerical simulation program is 
developed in this paper. In addition, FVM is adopted for discretization equations; PISO 
algorithm is adopted for coupling pressure and velocity; VOF algorithm is adopted for 
interface tracking; 

2) The CSF model is used to treat the surface tension of gas-liquid phase, so the interaction 
effect of gas-liquid phase can be considered accurately; 

3) A water filling experiment of an S-shaped channel is simulated, and the simulation results 
coincide well with the experiment results, which certifies the accuracy of the adopted 
model; 

4) Two HPDC filling processes of zinc alloy with different ingates are calculated, and the 
gas entrapment defects are compared according to the simulation and experiment results, 
which coincide basically with each other. 
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ABSTRACT 

The multi-domain boundary element method is developed in this work for numerical 
simulation of liquid sloshing in reservoirs and fuel tanks with baffles. The compound shell 
was a simplified model of a fuel tank. The liquid is supposed to be an ideal and 
incompressible one and its flow introduced by the vibrations of a shell is irrotational. The 
liquid vibrations in rigid and elastic tanks with baffles of different sizes and positions in the 
tank are considered.  

Keywords: fluid-structure interaction, liquid sloshing, boundary element method, baffle. 

 

INTRODUCTION 

Sloshing is the low frequency oscillations of the free surface of a liquid in partially filled 
reservoirs. The dynamic response of structures containing the liquid can be significantly 
influenced by these oscillations, and interaction with sloshing liquid may lead to instabilities 
and dynamic failure. Usually liquid storage tanks are filled with oil, flammable or toxic liquids. 
Destruction of these tanks by seismic or shock waves from a nearby explosion can lead to 
environmental catastrophe. Although baffles are commonly used as the effective means of 
suppressing the sloshing magnitudes, the only few studies have assessed the role of baffle 
parameters (Guorong, 2009) and elasticity effects (Ravnik, 2016).  

Most of the researchers have described the fluid-structure interaction in baffled tanks 
neglecting gravity or elasticity effects. Vibrations of the 2D elastic vessel partially filled with 
an incompressible fluid under the gravity force were considered (Bermudez, 1999), but the 
only 2D rectangular tank was under consideration. The important research (Gavrilyuk, 2006) 
was devoted to the vibration analysis of baffled cylindrical shells, but both shells and baffles 
were rigid. 

  

RESULTS AND CONCLUSIONS 

The elastic cylindrical tank with a flat bottom is considered, with radius R = 1 m, thikness 
h = 0.01 m, length L = 2 m, Young’s modulus E = 2·105 MPa, Poisson’s ratio ν = 0.3. The 
material’s density is ρs = 7800 kg/m3, the fluid density is ρl= 1000 kg/m3, the filling level is 
H=0.8 m. In table 1 the frequencies of axisymmetric vivrations are presented. The baffle 
position here is H1=0.45m, the baffle radius Rb was variable. The value Rb=0 corresponds to 
the unbaffled tank. Fig. 1 a,b) demonstrate the time history of the free surface elevation z in 
different points under harmonic excitation in the lateral direction. Fig. 1 a} and 1b) 
correspond to points of free surface with radiuses r=0.2 and r=0.8 respectively. 
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Table 1 - Frequencies of elastic cylindrical shells with baffles, Hz 

n 

Rb  
Empty elastic shell Fluid-filled elastic shell 

0 0.2 0.5 0.8 0 0.2 0.5 0.8 
1 23.233 23.23 23.23 23.23 7.925 7.590 5.521 1.787 
2 91.101 91.10 40.48 24.41 43.35 42.35 15.17 9.793 
3 205.25 192.1 91.10 91.10 117.0 116.0 46.76 45.91 
4 365.79 205.2 205.2 100.7 230.3 228.9 119.1 52.90 
5 392.78 365.7 214.2 205.2 392.7 229.1 168.0 119.7 

From these results one can concluded that both elasticity effects and the size of baffles are 
affect essentially on the values of natural frequencies 

     
a)                                                                        b) 

Fig. 1 - Time history of the free surface elevation in tanks with (blue) and without baffle (black) 

In practice, the effect of baffles usually can be seen after the baffle has been installed. The 
proposed method makes it possible to determine a suitable place with a proper height for 
installation of the baffles in tanks by using numerical simulation. 
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ABSTRACT 

Understanding the fundamental multi-physics behind the thermally-assisted compaction of 
granular media that consists of binary particle systems provide the essentials to fabricate 
particulate assemblies with specific functionalities. The macroscopic material properties of 
the consolidated product, such as: mechanical strength, thermal and electrical conductivity, 
are contingent upon the knowledge of the inter-particle relations that determine the 
microstructure. Unlike the continuum media, granular materials host inhomogeneous 
distribution of contact networks, which results in uneven distribution of loads in the dense 
particulate assemblies. Moreover these structural arrangements play critical role in forming 
preferred paths of heat transport within the micro-structural arrangement. It is the purpose of 
this study to suggest that insight into the nature of thermally-assisted compaction of granular 
materials with binary sized particle system. 

Keywords: thermo-mechanical coupling, granular material, particle mechanics approach.  

 

INTRODUCTION 

We work on a particle mechanics approach that entails the integration of contact mechanics 
principles with thermal-contact model analytical solutions to account for the effective 
modeling of heat conduction within the deformed state of granular materials. We consider a 
packed two dimensional arrangement of spherical particles compressed by heated boundary 
walls. Starting from pair interactions, we trace the formation of force and heat chains, and 
investigate the role of mechanical and thermal material properties of binary systems in 
microstructural arrangement of the confined system. In this regard, normalized contact force 
distributions and normalized heat distribution serve as important indicators of defining the 
uneven profiles of force and heat network. Numerical results unveil the cross-property 
connection between these networks and the macroscopic properties of the compacted system 
of particles. 

 

RESULTS AND CONCLUSIONS 

In an attempt to understand the effect of particle size on the microstructural arrangement of 
thermally-assisted compaction of granular materials, two different systems of spherical, and 
conforming particle systems are compared. A square container of 0.4m edge is compacting a 
bed of stainless steel particles by the downward movement of the top horizontal boundary 
wall, which is kept at 493K. In Fig.1 a system of 1486 particles, 1195 of them with a radius of 
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4mm and the rest of 8mm is visualized. Fig. 2 is a system of 1760 particles, where 1225 of 
them are 4mm in radius and rest is 6mm. 

  
Fig. 1 - Force chains in a system of 1486 particles,  

ε=0.10 and ∆T= 200K 
Fig. 2 - Force chains in a system of 1760 particles, 

ε=0.10 and ∆T= 200K 

Force networks seen in Figures 1 and 2 show that systems, which have particles with similar 
in size, have more uniform distribution of contact forces. In Fig. 3normalized force 
distributions of the considered cases are compared for three different compaction strain. 

 
Fig. 3 - Force distribution comparison of two binary systems 
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ABSTRACT 

A novel piece of software is presented to connect Abaqus, a sophisticated finite element 
package, with Matlab, the most comprehensive program for mathematical analysis. This 
interface between these well-known codes not only benefits from the image processing and 
the integrated graph-plotting features of Matlab but also opens up new opportunities in results 
post-processing, statistical analysis and mathematical optimization, among many other 
possibilities. The software architecture and usage will be appropriately described and two 
problems of particular engineering significance addressed to demonstrate its capabilities. The 
source code, detailed documentation and a large number of tutorials can be freely downloaded 
from www.abaqus2matlab.com.  

Keywords: Abaqus2Matlab, post-processing, finite element method. 

 

INTRODUCTION 

Despite the popularity of Abaqus, a leading commercial finite element package, and Matlab, 
one of the most powerful mathematical analysis tools, a connection between them is still 
lacking. To fill this gap, a novel software tool is here proposed: Abaqus2Matlab, which 
allows to run Abaqus directly from Matlab and to post-process the results, providing a link 
between the two well-known packages in a non-intrusive and versatile manner. 
Abaqus2Matlab is distributed as source code with the aim of facilitating research. 

 

RESULTS AND CONCLUSIONS 

The range of applications of Abaqus2Matlab is enormous, as it provides a non-intrusive 
connection between a sophisticated finite element package and the most comprehensive 
mathematical analysis tool. For demonstration purposes, two problems of particular interest 
from the scientific and engineering perspective have been addressed.  

First, the toolbox proposed is used to estimate cleavage fracture in metals, where a 
probabilistic approach is needed due to the statistical nature of the micromechanisms 
involved. Since the seminal work by Beremin (Beremin, 1983), cleavage fracture toughness 
estimations are based on Weibull statistics and the weakest link model. Grounded on this 
approach, a novel probabilistic framework is proposed that takes advantage of the advanced 
statistical tools of MATLAB to estimate all Weibull-related parameters without any a priori 
assumptions. Thus, the threshold stress for crack growth σth, the scaling parameter σu and the 
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Weibull modulus m are obtained by means of an iterative procedure involving least squares 
estimates of the cumulative distribution functions. Therefore, taking advantage of Matlab 
capabilities, Weibull parameters are calculated by finding the distribution whose cumulative 
function best approximates the empirical cumulative distribution function of the experimental 
data. The capabilities of Abaqus2Matlab to model cleavage fracture are benchmarked with an 
extensive experimental data set developed within the Euro toughness project (Heerens and 
Hellmann, 2002). Weibull parameters and failure probabilities are computed, and a hazard 

map constructed (see Figure 1). 

 
Fig. 1 - Hazard map. The legend shows the local probability of failure 

The software capabilities are also employed to perform an advanced inverse-optimization 
methodology so as to obtain the parameters governing the traction-separation law that 
describes deformation and fracture (see Papazafeiropoulos et al., 2017). Hence, quantitative 
insight into the initiation and subsequent propagation of damage is obtained through neural 
network optimization and a hybrid experimental-numerical strategy. Thus, Abaqus2Matlab 
largely facilitates structural integrity assessment by taking advantage of advanced damage 
models available in Abaqus and modern optimization capabilities of Matlab. 

Diverse examples (including the ones outlined here), comprehensive documentation and the 
source code can be downloaded from www.abaqus2matlab.com.  
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ABSTRACT 

This paper is devoted to the elaboration of modelling and methods of analysis in Mechanics.  
Generalized methodology based on Lyapunov’s methods and Chetayev’s ideas, considering 
from unified view point all mechanical systems as singular ones, in sense of Tikhonov, 
Nayfeh, Campbell, makes it possible to extend the reduction principle for general qualitative 
analysis; to elaborate regular technique for modelling in Mechanics.  

Keywords: A.M. Lyapunov stability theory, N.G. Chetayev methods, modelling, mechanics. 

 

INTRODUCTION 

The present work is devoted to the different aspects of mathematical modelling and 
qualitative analysis in dynamics of complex nonlinear systems, that are generated by applied 
problems of engineering practice. The main objectives are the problems of optimal 
mechanical-mathematical modelling and the regular schemes of decomposition in engineering 
design. Multiconnectivity, high-dimensionality, nonlinearity of original statement under good 
detalization of full initial system lead to the necessity of the problem narrowing. The 
generalization of reduction principle, well-known in stability theory of A.M.Lyapunov, is 
important goal for engineering practice. 

Uniform methodology, based on Lyapunov’s methods, in accordance with Chetayev’s 
stability postulate, is developed. The presented approach, with combination of stability theory 
and perturbations theory methods, allows to elaborate the general conception of the 
modelling, to build regular algorithm for constructing of the effective mechanical-
mathematical models, to work out the simple schemes of engineering level for 
decomposition-reduction of full systems and dynamic properties. 

  

RESULTS AND CONCLUSIONS 

The main problems considered in tha analysis are the following: (i)-the elaboration of 
systematic procedures for decomposition-reduction of complex mechanical systems; (ii)-the 
construction of shortened models (comparison ones) by strict mathematical manners; (iii)-the 
development of regular methods for acceptability and correctness.  

Here formulated problems are solved by strict stability theory methods. General approach, 
founded by A.M.Lyapunov, used by N.G.Chetayev for modelling problems in Mechanics, 
added by P.A.Kuzmin for stability problems under parametric perturbations and by 
V.V.Rumyantsev for stability problems on variables part, is worked out for mechanical 
systems of singular class. Theorems on qualitative equivalence are obtained. 
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The main questions discussed in this research are as follows: 

- the methodology of the building optimal shortened-reduced models; 

- development of the idealization rigorous manners, of methods for both physical and 
mathematical decomposition; 

- the substantiation of legitimacy of reduced models in dynamics; 

- the determination of the qualitative equivalence conditions; 

- the separation of systems parameters on substantial and non-substantial ones; 

- the revealing of main degrees of the system freedom; 

- the acceptability of the transition to the shortened mechanical (electromechanical,…) model; 

-  the properties idealization in original model (technical object). 

This research presents a powerful tool, based on stability theory methods, for regular solving 
of important problems in dynamics of complex systems. 

With reference to a mechanics problem, in regard to the specific cases of aviation and 
aerospace systems, it leads to the singularly perturbed problems with the different 
singularities types, with critical cases, with the non-linear generating systems, that are also 
singular systems. 
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ABSTRACT 

The dynamic behavior of materials at high-rate deformation under the action of short-term 
loads is studied. These properties are used for solving the problem by the finite element 
method. The research results enable us to give practical recommendations on the definition of 
rational parameters of technological processes and increase the dynamic strength of protective 
structural elements. 

Keywords: impact, high rate deformation, dynamic properties of material, FEM. 

 

INTRODUCTION 

Comprehensive research on high-speed deformation of structural components is not possible 
without experimental data on the dynamic properties of the material, which represent 
relationships between the stresses, intensities strains and strain rates (Meyers, 1994). 
Experimental studies are also needed to verify the results of numerical studies of new models 
and methods that are become more complex. The problem is solved by the finite element 
method, which takes into account the specifics of the process. 

The linear flat and cylindrical specimens are used for experimental studies of dynamic 
properties of materials. A feature of the installation is the simultaneous deformation of the 
samples with the rod-dynamometer. 

The rod-dynamometer is designed so, that it is deformed in the elastic stage, when the sample 
undergoes the elasto-plastic deformations until to destruction. Inertialess strain gauges at the 
same time determine the deformation of the sample and the rod. This data is used to 
determine the dynamic properties of materials. These relationships are determined without 
regard to the preliminary assumptions on the deformation of the samples at a constant rate. 
The corresponding graphs confirm the change of the deformation rate during the experiment 
(Vorobiov, 1989). 

Therefore, the dynamic properties are applicable to the large strains up to the destruction of 
the material.  

The zone of development of the intensive stresses is very limited at impact load. Therefore, as 
a result of numerical analysis when we identify zone of intensive stresses, we can allocate 
area of the structural element of interest. A denser mesh of finite elements can be used in this 
area (Vorobiov, 2016).  
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Using the results of numerical and experimental studies it is possible to determine the 
parameters of various technological processes, such as formation by means a high-rate 
punching, and connection of elements, such as explosion welding. 

 

RESULTS AND CONCLUSIONS 

Also, the impact of projectiles on the multi-layered elements of different materials considers. 
The action of the projectile on the element of two thin layers of titanium alloy and a ceramic 
inner layer are shown in Fig. 1. 

 

   
 (а)                                                           (b) 

Fig. 1 - Deformations (a) and the equivalent stresses (b) in a three-layer element under the action of the 
projectile at speeds of 400 m/s through 3·10-4 after contact 

 

We can see the damage of the first layer of titanium alloy and the crater formation. In the 
inner ceramic layer the most extensive areas of deformations arise, which helps to absorb 
impact energy. In this case the three-layer element retains its protective properties. 

The research results enable us to give practical recommendations on the definition of rational 
parameters of technological processes, reduce the level of dynamic stresses and increase the 
dynamic strength of the protective elements of constructions 
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ABSTRACT 

This paper summarizes the possible approaches suitable for the modelling of cable and fibre 
dynamics in the framework of various mechanical systems. Force representation of a cable, a 
point-mass model, an absolute nodal coordinate formulation and a general model based on 
Hamilton’s principle are introduced. The QuadroSphere tilting mechanism with a spherical 
motion of a platform and an accurate measurement of its position is introduced. 

Keywords: cable, multibody dynamics, nonlinear force, vibration 

 

INTRODUCTION 

Cables and fibres can play an important role in the design of many machines. One of the most 
interesting applications is the replacing of chosen rigid elements of a manipulator or a 
mechanism with cables. The main advantage of this design is achievement of a lower moving 
inertia, which leads to a higher mechanism speed, a large range of motion and the possibility 
of antibacklash property. The drawbacks can be related to the fact that cables should be only 
in tension in the course of a motion. This paper summarizes the possible approaches suitable 
to the modelling of cable dynamics in the framework of various mechanical systems. 

 

 
Fig. 1 - The QuadroSphere tilting mechanism 

 

The motivation is the development of a cable model, which could be efficient for the usage in 
a mechatronic model of a manipulator consisting of cables and an end-effector whose motion 
is driven by cables - particularly for the usage in the model of QuadroSphere (see Fig. 1 and 



Topic-A: Computational Mechanics 
 
 

-192- 

Fig. 2; Polach, 2015a). The QuadroSphere is a tilting mechanism with a spherical motion of a 
platform and an accurate measurement of its position. The platform position is controlled by 
four fibres; each fibre is guided by a pulley from linear guidance to the platform. The 
numerical model of QuadroSphere will serve for the investigation of different possible 
strategies of the control of this active structure superimposed to the end-effector of the 
cable-driven mechanism in order to improve the end-effector positioning accuracy and the 
operational speed. 

 
Fig. 2 - The QuadroSphere tilting mechanism 

The cable (fibre, wire etc.) modelling (Hajžman, 2011) should be based on considering the 
cable flexibility and suitable approaches can be based on the flexible multibody dynamics 
(see e.g. Shabana, 1997; Lugrís, 2011; Gerstmayr, 2012). 

Flexible multibody dynamics is a rapidly growing branch of computational mechanics and 
many industrial applications can be solved using newly proposed flexible multibody 
dynamics approaches. The studied problems are characterized by a general large motion of 
interconnected rigid and flexible bodies with the possible presence of various nonlinear forces 
and torques. There are many approaches to the modelling of flexible bodies in the framework 
of multibody systems (Hajžman, 2008). Comprehensive reviews of these approaches can be 
found in Shabana (1997) or in Wasfy (2003). Further development together with other 
multibody dynamics trends was introduced in Schiehlen (2007). Details of multibody 
formalisms and means of the creation of equations of motion can be found e.g. in Stejskal 
(1996), Awrejcewicz (2012). 

The simplest way how to incorporate cables in the equations of motion of a mechanism is the 
force representation of a cable (e.g. Diao, 2009; Polach, 2015b). It is supposed that the mass 
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of cables is small to such an extent comparing to the other moving parts that the inertia of 
cables is negligible with respect to the other parts. The cable is represented by the force 
dependent on the cable deformation and its stiffness and damping properties. A variable 
length of the cable due to wiring can be easily described using the force approach. This way 
of the cable modelling is probably the most frequently used in the cable-driven robot 
dynamics and control (e.g. Heyden, 2006; Zi, 2008). 

A more accurate approach is based on the representation of the cable using a point-mass 
model (e.g. Kamman, 2001; Polach, 2014; Ottaviano, 2015). It has the advantage of a lumped 
point-mass model. The point masses can be connected by forces or constraints. Wiring of a 
cable can be also simulated and a detailed model of a wiring mechanism can be observed. In 
the case of the manipulator mechatronic model consisting of cables and an end-effector whose 
motion is driven by cables (e.g. in the case of the QuadroSphere model - Polach, 2015a) 
utilization of the point-mass model of a cable proved to be very prospective. 

In order to represent bending behaviour of cables their discretization using the finite segment 
method (Shabana, 1997) or so called rigid finite elements (Wittbrodt, 2006) is possible. Other 
more complex approaches can utilize nonlinear three-dimensional finite elements (Freire, 
2006). 

A very promising approach usable for the cable modelling is a so called absolute nodal 
coordinate formulation (ANCF), which is based on the discretization of a cable or a fibre to 
nonlinear finite elements (Shabana, 1997; Gerstmayr, 2012; Liu, 2012; Hajžman, 2015; Bulín, 
2015; Bulín, 2017). Absolute nodal positions and slopes are considered to be nodal 
coordinates of the ANCF elements. The formulation leads to a constant mass matrix and 
highly nonlinear stiffness matrix. The model can be efficiently used for the investigation of 
various contact problems related to cables or fibres. 

Another approach used for creation of a general model involving cables with distributed mass 
and time-varying length is based on Hamilton’s principle, which serves to achieve a system of 
partial differential equations describing the cable dynamics (Du, 2015). To solve the system 
of dynamic equations, the Ritz-mode method with polynomial shape functions is employed 
and the system of partial differential equations is converted into ordinary differential 
equations. The accuracy of the cable model depends on the order of the used polynomial 
mode functions. This approach is suitable for the modelling of cable-driven manipulators with 
distributed mass flexible cables. 

 

FORCE AND POINT-MASS REPRESENTATION OF THE CABLE 

Model of the mechanical system with the end-effector attached to the frame using two cables 
is given as an example for introducing the force (see Fig. 3) and the point-mass (see Fig. 4) 
representation of the cable. The free length of the left cable is l1, the free length of the right 
cable is l2 and abbreviation EF denotes the end-effector (the weight) in Fig. 3 and Fig. 4. 

The equation of motion of the system from Fig. 3 (force representation of the cable) can be 
written as a differential equation of the second order 

fll
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r =++++ 2211
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1 dd
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where r  is the position vector of the end-effector, r&&  is the vector of acceleration of the end-
effector, Ar  is the position vector of attachment of the left cable to the frame, Br  is the 

position vector of attachment of the right cable to the frame, AAEF rrr −=  is the vector from 
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point A ( i.e. the attachment of the left cable to the frame) to the end-effector, BBEF rrr −=  is 
the vector from point B (i.e. the attachment of the right cable to the frame) to the end-effector, 

( ) ( )1AEF
AEF

AEF
1AEF1d lHl −−−= r
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rl  is the vector of deformation of the left cable, 
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rl  is the vector of deformation of the 

right cable, BEF
T

BEFBEF rrr = , ( )H  is the Heaviside’s step function, f  is the vector of force 

acting on the end-effector, t is time, m is the mass of the end-effector, 1k  is the stiffness of the 

left cable, 2k  is the stiffness of the right cable, 1b  is the damping coefficient of the left cable 

and 2b  is the damping coefficient of the right cable. 

 

 
Fig. 3 - Model of the mechanical system with the end-effector attached to the frame using 

two cables with the force representation of the cable (in absolute coordinate system) 
 

For each node of the system from Fig. 4 (point-mass representation of the cable) the following 
equation of motion can be written 
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where ir  is the position vector of node i (or end-effector), ir&&  is the vector of acceleration 

vector of node i, 1i-r  is the position vector of node i-1, 1+ir  is the position vector of node i+1, 

11, −− −= iiii rrr  is the vector from node i-1 to node i, 11, ++ −= iiii rrr  is the vector from node 

i+1 to node i, il  is the free length of the part of the cable between node i-1 and node i, 1+il  is 

the free length of the part of the cable between node i and node i+1, 
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the vector of deformation of the part of the cable between node i and node i+1, 
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1,
T

1,1, +++ = iiiiii rrr , if  is the vector of force acting on node i, im  is the mass of node i, ik  is 

the stiffness of the part of the cable between node i-1 and node i, 1+ik  is the stiffness of the 

part of the cable between the node i and node i+1, ib  is the damping coefficient of the part of 

the cable between node i-1 and node i, 1+ib  is damping coefficient of the part of the cable 

between node i and node i+1. 

 

 
Fig. 4 - Model of the mechanical system with the end-effector attached to the frame using 
two cables with point-mass representation of the cable (in the absolute coordinate system) 

 

Resultant equations of motion of all nodes and the end-effector lead to the system of 
differential equations of the second order in a matrix form. 

 

ANCF CABLE MODEL 

A planar ANCF beam element of length l with two nodes (see Fig. 5) is briefly introduced. 

Global position [ ]T, yx rr=r  of an arbitrary beam point determined by parameter p can be 

written as 

( ) ( ) [ ] T
821 ...,,,, eeepp == eeSr , (3) 

where 8,2R∈S  is the global shape function matrix, e is the vector of element nodal 
coordinates and lp ,0∈  is the parameter of a curve. 

 
Fig. 5 - The planar ANCF beam element 
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Particular nodal coordinates in the case of cubic shape functions (Shabana, 2005) are 
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The global shape function matrix in the case of the planar beam element is defined as 
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Standard procedures (e.g. the Lagrange equations or the principle of virtual work) can be used 
in order to derive a mathematical model of the planar ANCF beam element. Kinetic energy of 
the element of material density ρ is 
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where eM is the constant element mass matrix in the case of this formulation. 

Strain energy pE  of the element is used for the derivation of elastic forces in the ANCF 

model and the form of an adopted elasticity model determines the complexity of the whole 
model. In Shabana (2005), there are several approaches, which employ the separation of strain 
energy of longitudinal deformation plE  and strain energy of transverse (bending) deformation 

ptE  as 
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where E is the Young modulus, A is the area of the cross-section and I is the second moment 
of the area about a transverse axis. The possible models are then classified according to the 
expressions for longitudinal strain lε  and curvature κ. General expressions for these quantities 

are 
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where sd  is the infinitesimal arc length of the beam, which can be expressed as 
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In general case, the vector of the element elastic forces eQ  can be written as 
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where elQ  is element longitudinal elastic force, ekQ  is element transverse elastic force, ( )eK l  

is (nonlinear) longitudinal stiffness matrix and ( )eK t  is (nonlinear) transverse stiffness 

matrix. 

The way of the strain and curvature calculation can be simplified by several presuppositions 
of the way of the beam deformation. In Berzeri (2000) several suitable models for both 
longitudinal and transverse elastic forces are introduced. 

The whole model of the ANCF element is of the form 

( ) ekee QeeKeM =+&&  (11) 

and is characterized by constant mass matrix ,eM strongly nonlinear stiffness matrix 

( ) ( ) ( )eKeKeK tle +=  derived using the strain energy and by vector of external forces ekQ . 

The assembling of a discretized flexible body model is straightforward and can be extended 
by a suitable model of viscous forces 

( ) ( ) kQqqKqqqBqM =++ &&&& , , (12) 
where q is the vector of all elastic coordinates of the flexible body and B  is damping matrix. 
This model can be combined with models of other flexible or rigid bodies and with the model 
of kinematic joints. 

 

ANALYTICAL APPROACH TO THE MODELLING OF THE CABLE MECHANISM 
DYNAMICS BASED ON HAMILTON’S PRINCIPLE 

The basis of analytical approach to the modelling of the cable mechanism dynamics based on 
Hamilton’s principle is given in Du (2015). 

Part of the cable mechanics is depicted in Fig. 6. 

Kinetic 1T  and potential 1V  energies of the pulley and the cable wound on it can be expressed 
in form (without subscript of i-th cable) 
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where µ is mass per unit length of the cable, 3e  is the unit vector in the direction of gravity, d 

is the radius of the pulley, g is the gravitational acceleration and position vectors r  and dr  are 

evident from Fig. 6. 

Kinetic 2T  and potential 2V  energies (gravitational and deformational) of the deployed cable 
can be expressed in form 
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where E is the Young modulus of the cable material and A is the cable cross section area. 

If the end-effector is e.g. point mass, kinetic and potential energies of the end-effector take 
form 
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where Lr  is the position vector of the end-effector (identical with end point of each cable) and 
m is mass of the end-effector. In other cases the end points of cables will be coupled with 
coordinates of end-effector by means of kinematical boundary conditions. 

For assemblage of equations of motion can be used Hamilton’s principle in form 
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where t is time and subscripts i correspond to individual cables and pulleys. 

Having performed the variation of Hamilton’s functional it can be accessed to relation 
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where iM  is the driving torque acting on the i-th pulley, ( ) ,,, tξsii rr =  
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The terms staying at the independent variations iξδ , irδ  and Lrδ  have to be equal to zero and 

then it can be accessed to N scalar equations 
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to N vector equations (3N scalar equations) 
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and to 1 vector equation (3 scalar equations) 
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where function ( )H  represents Heaviside’s step function respecting only positive stretching 
(pull deformations) of individual cables. The first (scalar) equation corresponds to the 
moment equilibrium condition of each pulley, the second (vector) equation describes the 
equilibrium of the infinitesimal element of the i-th cable. The third (vector) equation 
corresponds to the equilibrium of the point mass (end-effector). The last equations have to be 
supplemented by boundary conditions, which in this case take the form of N-1 vector equation 

( ) ( ) ( )tξstξstξs NNNL ,,...,,,, 222111 rrrr &&&&&&&& ==== . (21) 

 
Fig. 6 - Part of the cable mechanism with pulley 

Let’s approximate the solution in form 
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When it is assumed that ( )tiξ  are prescribed time functions Eq. (18) serves only for the 

determination of pulley torques. Remaining Eqs. (19) and (20) after substituting 
approximation take form of N vector equations 
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and 1 vector equation (k is the subscript corresponding to the end point of one chosen k-th 
cable) 
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Left hand side of Eq. (24) corresponds to the acceleration of mass point, which can be 
expressed as acceleration of end point of one chosen k-th cable. After approximation 
boundary conditions (21) have form 
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Using Galerkin’s method for solving Eqs. (23), (24) and (25) each of Eqs. (23) is pre-

multiplied by matrix T~
iΨ  and integrated from iξ  to iL , 
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Now it can be accessed to the total equation of motion in the form of  

( ) ( ) ( ) ( ) ( ) ( ) ( )[ ] ,ttttttt afaKaBaM =++ &&&  (26) 

( ) ( ) ( ) ( )[ ] ,,,, 33,3 MNMNMN tttt RR ∈∈ afKBM which is the system of nonlinear ordinary 
differential equations, whose solution can be obtained using e.g. the Runge-Kutta method. 

 

CONCLUSIONS 

This paper summarizes the possible approaches suitable for the modelling of cable and fibre 
dynamics in the framework of various mechanical systems. Force representation of the cable, 
a point-mass model, absolute nodal coordinate formulation (ANCF) and a general model 
involving cables with distributed mass and time-varying length based on Hamilton’s principle 
are introduced. 
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Future work will be focused on the implementation of the point-mass model of the cable and 
the modelling of its interaction with the pulley (the advantage of this approach is supposed to 
be in a precise physical interpretation of the problem and in a short computational time). 
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ABSTRACT 

In this work, the Solid Isotropic Material with Penalisation (SIMP) topology optimisation 
(TO) method for 2D structures is revisited and reformulated within the mathematical 
framework of Non-Uniform Rational BSpline (NURBS) functions. This implies several 
advantages: firstly, a NURBS surface allows for exploiting an implicitly defined filter zone; 
secondly, the number of optimisation variables (i.e. the parameters defining the NURBS 
surface) is relatively small when compared to the classical SIMP approach. Finally, the TO 
can be carried out by including non-linearity (either geometric or material) or non-
conventional manufacturing constraints, as those related to the Additive Manufacturing (AM) 
technology. In this work, the TO is applied to a standard benchmark problem.  

Keywords: NURBS, Topology Optimisation, Additive Manufacturing, SIMP. 

 

INTRODUCTION 

Topology Optimisation (TO) is a well-known design tool that provides extremely efficient 
mechanical structures. Often, the mathematical optimum solution could involve a really 
complicated geometry and topology: in some cases the optimised components cannot be 
fabricated through standard technologies. Nowadays, Additive Manufacturing (AM) seems to 
show all the requirements to achieve really optimised and manufacturable components both in 
plastics and in metal alloys (Guo and Leu, 2013). In spite of its great potential, AM has many 
difficulties to spread out in the industrial world. Moreover, only a little percentage of AM 
production is dedicated to functional parts which do not need post-treatment. In fact, there are 
two keys factors preventing the link between TO and effective AM techniques. On the one 
hand, there is a lack of consistency between the optimised geometries produced by TO 
commercial software and effective geometries that are reassembled after TO analysis in 
standard format file, as “.stp”, “.igs” or “.stl”. In particular, when one of the aforementioned 
files is imported in other FEM or CAD software, a lot of time is spent to obtain a connected 
and consistent geometry. On the other hand, despite its dimensional freedom, AM has 
intrinsic technological constraints which should be taken into account within TO analysis and 
not within a post-processing phase. Considering manufacturability constraints after the 
optimisation could seriously spoil the optimum solution and make the previous work useless 
(Mirzendehdel and Suresh, 2016). Some AM constraints have already been considered in the 
framework of TO, since they were conceived as further development of TO algorithms. 
Particularly, in the context of the SIMP method, the minimal member size is a typical 
constraint in TO (Poulsen, 2003): this requirement is fundamental for AM structures because 
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it is related to the minimal printable dimension. A maximum member size constraint has been 
developed as well (Guest, 2009): it is estimated by means of a projection method. 
Nevertheless, there are other constraints that need to be integrated within the TO algorithm 
when AM is chosen as manufacturing process. The first one concerns the orientation angle of 
the local tangent vector at the boundary surface: when the tangent vector overcomes a critical 
angle with respect to the manufacturing direction, a support structure is required. This 
limitation has been recognised and checked in several AM processes, such as Selective Laser 
Melting (SLM) and Electron Beam Melting (EBM) and it has been widely characterised 
(Kranz et al., 2015). Even if supports represent one of the most important constraint in a TO 
method finalised to AM, it is not the only one. It is evident that further constraints capable of 
taking into account thermal effects and residual stresses, typical of AM, are required.  

In this paper, an innovative TO methodology for 2D structures is proposed in order to 
overcome the aforementioned drawbacks and to get solutions that are designed for AM. The 
well-known SIMP method is modified by relating the fictitious density (or pseudo-density) 
field 1�ð� ∈ �0,1� to a suitable NURBS surface ò�ð� (Piegl and Tiller, 1997), where ð is the 
position vector in the reference domain. Instead of assuming an unknown pseudo-density for 
each element of the underlying mesh, the number of variables is now defined by the value of 
the pseudo-density for each control point of the NURBS surface. Inspired by the idea of 
(Qian, 2013), when relating the SIMP density field to a suitable NURBS surface, many 
advantages occur: the first one is linked to the implicit filter zone that is defined by the 
blending functions local support. The size of such a filter zone depends on the degrees of the 
NURBS basis functions and on the knot vectors length (so it implicitly depends on the 
number of control points). As consequence, artefacts typical of the SIMP method, such as the 
“checkerboard effect”, as well as the mesh dependency are automatically overcome without 
establishing further filters. It is also interesting to remark how the implicit filter size (related 
to the NURBS formalism) affects the minimum length of features in TO. The present work 
goes beyond the analysis done by (Qian, 2013): the proposed strategy focuses on the design 
advantages, which can be got when the SIMP method is reformulated in the NURBS 
mathematical framework. Firstly, it will be shown that, in the context of the classical TO 
benchmark problem dealing with the compliance minimisation subject to an imposed volume 
fraction (an equality optimisation constraint), the solutions exhibit clearly defined bounds. 
Volume constraints are met both in the TO process and in the post processing phase, where 
the resulting optimised geometry is handled by external software. Moreover, the 
reconstruction phase for 2D structures is a completely automatic process: when the pseudo-
density distribution is expressed through a NURBS surface, the boundary reconstruction is a 
straightforward step. Another significant advantage is the independence of the design 
variables (i.e. the value of the pseudo-density at each control point of the NURBS surface) 
from the elements of the predefined mesh. Finally, the NURBS-based approach allows a 
mathematically well-defined description of the boundaries in terms of both local normal 
vector and local curvature radius, so it is possible to impose constraints of different nature, 
especially those concerning the AM. Such an unconventional constraint on the curvature 
radius could enable the designer to manage both the smoothness of the boundaries and, 
indirectly, stress concentrations, which are typical in AM technologies. 

The paper is structured as follows: in the second paragraph, the theoretical framework of the 
NURBS surfaces theory is briefly described. Then, in the third section the classic SIMP 
method is enhanced by means of the NURBS and the TO problem is stated as a constrained 
non-linear programming problem (CNLPP). The adopted numerical method is detailed in 
paragraph four. Section five illustrates a meaningful benchmark: in this background, the 
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influence of the parameters defining the NURBS surface (number of control points, degrees 
of the surface) has been investigated. The sixth paragraph concludes this article with some 
critical discussion and remarkable future perspectives. 

 

THEORETICAL FRAMEWORK OF NURBS SURFACES 

In this section, the fundamentals of the NURBS surfaces theory are briefly recalled. It is 
noteworthy that, since only 2D problems are considered, a NURBS surface suffices to obtain 
a suitable representation of the density field as function of the spatial coordinates |	and ´ 
defined over the design space.  

According to the notation of (Piegl and Tiller, 1997), a NURBS surface is defined as follows: 

ó�`, d� �ôô��,w�`, d�õ�,w�ö
w�/

�÷
��/ , (1) 

where ��,w�`, d�	are the piecewise rational basis functions, which are related to the standard 
NURBS blending functions ��,)�`� and �w,ø�d� by means of the relationship 

��,w�`, d� � ��,)�`��w,ø�d�c�,w∑ ∑ �t,)�`��*,ø�d�ct,*�ö*�/�÷t�/ . (2) 

In equations () and (), ó�`, d� is a bivariate vector-valued piecewise rational function, �`, d� 
are scalar dimensionless parameters both defined in the interval	�0,1�, v and ù are the NURBS 
degrees along `-direction and d-direction, respectively. c�,w are the weights and õ�,w ��|�,w , ´�,w, ú�,w� the Cartesian coordinates of the control points, with � ∈ �0, Tû� and y ∈ �0, Tü�. 
The net of �Tû h 1� × �Tü h 1� control points constitute the so-called control net. The 
blending functions are defined recursively by means of the Bernstein polynomials: 

 ��,/�`� � ý1	if	� ß ` ß �#�,0													otherwise, (3) 

 ��,)�`� � ` � ��#) � � ��,) ��`� h �#)#� � `�#)#� � �#���#�,) ��`�, (4) 

where � is the � � Ub component of the following non-periodic non-uniform knot vector  

 � � Ò0,… ,0��	)#� , )#�,… , �÷ ) �, 1,… ,1��	)#� Ó. (5) 

It is noteworthy that the size of the knot vector is _û h 1, 
 _û � Tû h v h 1. (6) 

Analogously, the �w,ø�d� are defined on the knot vector 
, whose size is _ü: 

 � Ò0,… ,0��	ø#� ,�ø#�,… ,��ö ø �, 1,… ,1��	ø#� Ó, (7) 
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 _ü � Tü h ù h 1. (8) 

The knot vectors � and 
 are two non-decreasing sequences of real numbers that can be 
interpreted as two discrete collections of values of the dimensionless parameters ` and d. As 
the control points, also the knot vectors components form a net. One basic property of the 
blending functions is the local support property: ��,)�`� � 0 if ` is outside the interval ©�, �#)#�x. Hence, it is evident that ��,w�`, d� � 0 if �`, d� is outside the rectangle ©�, �#)#�x × ©�w,�w#ø#�x, i.e. the local support associated to the control point õ�,w. The local 
support property is of paramount importance to understand all the advantages of the NURBS 
formulation of the SIMP method in the context of TO. For a deeper insight in the NURBS 
theory, the reader is addressed to (Piegl and Tiller, 1997). 

 

THE NURBS-BASED TOPOLOGY OPTIMISATION METHOD: MATHEMATICAL 
FORMULATION 

The classic SIMP Method 

The SIMP method is here briefly recalled for the minimum compliance problem subject to an 
equality constraint on the volume for a 2D problem (Bendsøe and Sigmund, 2004). 

Let us consider a rectangular reference domain 7 ∈ ℝ� in a Cartesian orthogonal 
frame	�|, ´�. Let 7 be defined as  

 7 � ��|, ´� ∈ ℝ�|	|	 ∈ �0, c�, ´ ∈ �0, b��. (9) 

where c and b are two reference lengths of the domain (that can vary depending to the 
considered problem) along x and y axes, respectively. The goal is to find the optimal 
distribution of a given isotropic material on 7 by minimising the compliance (i.e. the virtual 
work of external applied loads) with an imposed volume fraction [ of the design domain. The 
material distribution (void and material zones) affects the stiffness tensor î�wt*�ð�, which is 
variable over the domain 7. Let � ⊆ 7 be the material domain. In the SIMP approach the 
material domain is determined by means of a fictitious density function 1�ð� ∈ �0,1� defined 
over the whole design domain 7. Such a density field is related to the material distribution 
and, accordingly, to the local stiffness tensor. 1�ð� � 0 means absence of material, whilst 1�ð� � 1 implies completely dense base material. The dependence of the stiffness tensor î�wt*u1�ð�x on the density field 1�ð� is provided by  î�wt*u1�ð�x � 1�ð�
î�wt*/ , (10) 

where î�wt*/  is the stiffness tensor of the isotropic material and \ ≥ 3 a suitable parameter that 
aims at penalising all the meaningless densities between 0 and 1. Let � be the displacement 
vector field and 3��� the compliance of the structure. During the optimisation process, the 
equilibrium equation is implicitly imposed in its weak form:  

3��� � � 1�ð�
î�wt*/ (�w���(t*���	^7A . (11) 

In equation (), � is a kinematic admissible displacement vector, (�w is the linear strain tensor. 
In order to prevent any singularity of the equilibrium problem, a lower non-null boundary is 
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applied to the density field, so 1�ð� ∈ �1���, 1�, with usually 1��� � 10 9. Then, the 
mathematical formulation of the TO problem is given by: 

 minç�ð� 3���, 
subject to 

���
����ð��Ñ¡Ñ � · 1�ð�	^7A· 	^7A � [,
0 < 1��� ß 1�ð� ß 1.		

 

(12) 

Classically, such a problem can be solved by a suitable gradient-based algorithm coupled to a 
FEM solver. The variables of problem (12) are the pseudo-densities computed at the centroid 
of each element �1@� constituting the mesh. Hence, the FEM-discretised version of problem 
(12) writes 

 minç���� ∙ ������ �minç� 	j�1@�, 
subject to 

���
�
��� �ô1@
� !�"�

@�� # ���$%� � ���	
��1@��Ñ¡Ñ � ∑ 1@ d@"�@���@d@ � [,0 < 1��� ß 1@ ß 1, S � 1,… , �@ ,		

 

(13) 

where ��� and ������ are, respectively, the vector of nodal generalised forces and 
displacements in the global reference system while � !� is the element stiffness matrix 
expanded over the full set of degrees of freedom (DOFs) of the structure. It must be pointed 
out that the SIMP method can lead to numerical issues, e.g. the well-known “checkerboard 
effect”, which are due to the lack of mutual dependency among the design variables. To repair 
these issues, a distance-based filter is usually employed (Bendsøe and Sigmund, 2004).  

The proposed NURBS-based SIMP method 

In the framework of the proposed approach, the pseudo-density field characterising the SIMP 
method is related to a suitable NURBS scalar function. In the following, only Bspline 
functions have been employed for sake of simplicity, thus all the weights in equation (2)are 
equal to 1. 

In the context of Bspline functions, the pseudo-density field writes: 

1�`, d� �ôô��,)�`��w,ø�d�1̅�,w�ö
w�/

�÷
��/ . (14) 

The shape of the Bspline is affected by the value of the pseudo-density at each control point, 
i.e. 1̅�,w, as well as by the value of the other parameters involved into the definition of the 
Bspline scalar function, namely the degrees of the blending function, i.e. p and q, the number 
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of control points (related to the parameters Tû and Tü) and the value of the knot vectors 
components, as illustrated in Eqs. (2) and (4). The dimensionless parameters u and v shown in 
Eq. (14) are related to the Cartesian coordinates of the global frame as: ` � |c ,d � b́ .  (15) 

In equation (14) 1̅�,w are the design variables of the NURBS-based SIMP method. They are 
collected in a column array & and suitable boundaries are imposed to satisfy the density field 
requirements for the TO problem:   &' � ¬1/,/(((((,… , 1�÷,/,((((((( 1/,�(((((… , , 1�÷,�((((((,… , 1/,�ö((((((, 1�÷,�ö((((((((®, 1),*(((( ∈ �10 9, 1�	∀� � 0,… , Tû,∀y � 0,… , Tü . (16) 

Without loss of generality, in this work the two knots vector � and 
 are considered 
uniformly distributed in the interval �0,1� and both the degrees of the blending functions and 
the number of control points are fixed a priori. 

In this background the TO problem can be stated (for the 2D case) as follow:  

 min& 3�&�, 
subject to: 

���
�
��� î�wt*u1�&�x � 1�&�
î�wt*/ ,��&��Ñ¡Ñ � · · 1�&�	^|^´,/�/ cb � [,-�&� ß .,/t ∈ �10 9, 1�	∀E � 1,… , �Tû h 1� × �Tü h 1�.		

 

(17) 

In problem (17), -�&� is the vector collecting the technological constraints related to the 
considered AM process.  

The FEM discretised version of problem (17)is  

 	min&��� ∙ ������ �min& 	j�1�&��, 
subject to 

���
��
���
� �ô1@
� !�"�

@�� # � � �,
��1@��Ñ¡Ñ � ∑ 1@"�@��S�S0 � [,�-�&�� ß �.�,/t ∈ �10 9, 1�	∀E � 1,… , �Tû h 1� × �Tü h 1�.				

 

(18) 

In equation (18) 1@ is the value of the pseudo-density for the generic element, 
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1@ � 1�`@ , d@� � 1 �|@c , @́b �, (19) 

where �|@ , @́� are the Cartesian coordinates of the element centroid, whilst � � is the global 
stiffness matrix and S� and S0 are the number of mesh divisions along | and ´ axes, 
respectively. 

The SIMP approach revisited in the NURBS mathematical framework is characterised by a 
given number of features which implies just as many advantages: 

1) the number of design variables is unrelated to the number of elements. In the classic 
SIMP approach, each element introduces a new design variable. In the NURBS 
framework, the accuracy of the topology description is characterised solely by the 
number of points of the control net, i.e. �Tû h 1� × �Tü h 1�;  

2) the locally supported blending functions imply an implicitly defined filter zone. The 
size of such a filter zone is related to the dimensions of the local support of the 
blending functions. It should be remarked that standard TO filters create a mutual 
dependency area among the elements densities, i.e. the design variables. In the case of 
the NURBS, the inter-dependence is automatically provided between the NURBS 
control points, without the need of defining a filter on the mesh elements densities.  

3) the NURBS formalism allows taking into account new kinds of constraints, since a 
mathematically well-defined description of the geometrical bounds of the optimum 

topology is always available during the iterations of the optimisation process.  

In the following, the mathematical formulation and the implementation of a suitable 
constraint on the radius of curvature is briefly discussed: this is only an example to prove the 
effectiveness of the proposed approach. More sophisticated, AM-oriented, technological 
constraints are forecast for the immediate future. 

The curvature radius constraint 

The quality of the boundaries of the optimum topology of a given product is of paramount 
importance for both manufacturing and mechanical viewpoints: regions characterised by a 
small local curvature radius should be avoided in order to limit stress concentration. To this 
purpose, in this work a mathematical formalisation of the curvature radius constraint is 
introduced in the framework of the NURBS-based SIMP approach.  

In the classical SIMP method, the first issue to be faced is the absence of a mathematical 
representation of the boundary of the structure during the optimisation process. Indeed, in the 
context of the SIMP method the boundary is determined at the end of the TO by interpolation 
of the nodes of the retained elements after convergence. Conversely, in the framework of the 
NURBS formalism, a mathematical description of the boundaries is available by establishing 
a proper cutting plane for the Bspline (during the iterations). Let � ⊆ 7 be the material 
domain and 11ûÑ 	 ∈ �10 9, 1� the threshold cutting value for the density field. Since the 
pseudo-density field is given by the NURBS scalar function of Eq. (14), the relationship 

11ûÑ � 1�&� � 0 (20) 

implicitly provides the boundary of the structure. In particular, a given point belongs to (or is 
out of) the material domain � if the following conditions are met: 
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{ �|, ´� ∈ �, �[	1�&� > 11ûÑ,�|, ´� ∈ 3�, �[	1�&� � 11ûÑ,,�|, ´� ∈ 7|�, �[	1�&� < 11ûÑ. (21) 

For an implicitly defined curve, the equation of the curvature is available in (Goldman, 2005) 
and writes 

4 �
ý313´ �313|5 Î

3�13|� 3�13|3´3�13|3´ 3�13´� Ï¹
313´� 313|6

7è313|ê� h è313´ê�8
9� . (22) 

Thanks to the NURBS formalism the derivatives of the pseudo-density can be easily 
computed in a recursive manner, see (Piegl and Tiller, 1997). Considering the composed 
derivative, the curvature radius (that is the reciprocal value of the curvature) writes 

� � 1cb 7b� è313`ê� hc� è313dê�8
9�

è313`ê� 3�13d� � 313` 313d 3�13`3d h è313dê� 3�13`�. 
(23) 

To be remarked that in Eqs. (22) and (23) the dependence on both the coordinates �|, ´� and 
the design variable array & has been omitted for sake of simplicity. 

Therefore, the constraint on the admissible value of the local radius of curvature can be 
formalised as:  R�&� � �( �min�9 |��|, ´�| ß 0, (24) 

where �( represents the minimum admissible value for the curvature radius for the considered 
application. 

 

NUMERICAL STRATEGY 

In this section a suitable numerical strategy for solving the CNLPP (18) is presented. A 
synthetic scheme of the numerical strategy is illustrated in Figure 1:. Only few comments are 
added in order to clarify the procedure. 

Pre-processing: both a mesh and a NURBS parametrisation are associated to the geometrical 
reference domain. The boundary conditions and loads are set. The user can enable a 
symmetric solution (i.e. a symmetric shape of the Bspline scalar function defining the pseudo-
density). At this stage the user has to set the objective function as well as the optimisation 
constraints for the problem at hand.  

Initialisation: for a given problem usually the pseudo-density field is initialised in order to 
satisfy the volume constraint at the beginning of the optimisation. 

Optimisation Block: it should be remarked that sensitivity analysis is not automatically 
activated; some problems have simple objective and constraints functions, so derivatives can 
be easily provided in analytical form. However, the algorithm, in its most general form, does 
not require the gradient provision and it can be adequate for whatever customised problem. Of 
course, this would penalise computational time. 
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Fig. 1 - The numerical strategy - synthetic scheme 

 

RESULTS 

In order to prove the effectiveness of the proposed approach several benchmarks and real-
world engineering problems have been analysed. However, for the sake of brevity, in this 
section only some meaningful results related to the “cantilever plate” benchmark illustrated in 
Figure 2 are discussed. The results including the technological constraint on the local radius 
of curvature (together with other meaningful benchmarks) will be presented in an extended 
version of this manuscript.  

Post-processing 

Optimisation block 
  

Objective function and constraints 
• MATLAB: Evaluation of the Bspline at the centroids of the mesh elements 
• MATLAB: Writing the pseudo-densities values for the FEM software 
• FEM: Penalisation of mechanical properties according to the SIMP formula 
• FEM: Analysis 
• FEM: Writing the required mechanical quantities for MATLAB 
• MATLAB: Objective function and Non-Linear constraints evaluation 

Enabling Sensitivity 
Analysis 

Pre-processing 
• Bspline parameterisation 
• Mesh, Loads, Boundary Conditions (BC) 
• Choice of constraints and objective function 
• Enabling Symmetries 
• Enabling Sensitivity analysis 

Initialization 
An initial guess of the vector of optimization variables :. is provided in 
such a way that constraints conditions are met (feasible starting point). 

NOT: finite difference 
method for the gradient: 

further �T h 1� × �_ h 1� 
loops. 

Variables Updating  
MATLAB: Active-set algorithm of fmincon function 

YES: Gradient provided in the 
objective/constraints functions  

Convergence 

YES 

NOT 
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The aim is to minimise the compliance by keeping the volume of the structure at the 40% of 
the starting volume. All geometrical and mechanical data are provided in the caption of 
Figure 2. 

 
 

 
 
Figure 3 shows a typical result of the TO analysis: the pseudo-density NURBS function. The 
corresponding optimised structure is depicted in Figure 4 and it is obtained by means of the 
intersection of the aforementioned NURBS with a suitable cutting plane. For all the 
considered benchmarks, the compliance is evaluated after cutting the Bspline surface with the 
cutting plane and compared with the value provided by the TO algorithm at the end of the 
analysis. This comparison (in terms of objective function values) is considered in order to 
prove the consistency of the proposed method. 

 

 
 

Fig. 3 - Example of pseudo-density described by 
means of a Bspline function 

Fig. 4 - Optimised structure at the end of the NURBS-
based TO method 

 

The first campaign of analyses aims at investigating the effects of the filter zone dimensions 
on the final topology. Being the filter zone affected by the discrete parameters of the NURBS, 
the following analyses have been performed by changing both the NURBS degrees and the 
number of control points. Results are collected in Table 1 in the case of a fixed mesh of 40 × 25 SHELL elements with 8 nodes and 6 degrees of freedom per node. 
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Fig. 2 - The proposed benchmark - In-plane dimensions: w =320mm, h=200 mm. Thickness: 
t=2 mm. Material: E=72000 MPa, ; � ..<<. Load: P=1000 N. 
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Table 1 -  Sensitivity of the solution to the filter dimensions 
 16x10 Control Points 32x20 Control Points 48x30 Control Points 

p,
q=

1 

 
Compliance=427,55 J 

V=0,4008Vtot 

 
Compliance=401,78 J 

V=0,3999Vtot 

 
Compliance=403,45 J 

V=0,4017Vtot 

p,
q=

2 

 
Compliance=414,35 J 

V=0,4015Vtot 

 
Compliance=387,91 J 

V=0,4217Vtot 

 
Compliance=398,7261 J 

V=0,4004Vtot 

p,
q=

3 

 
Compliance=422,78 J 

V=0,4010Vtot 

 
Compliance=398,74 J 

V=0,4027Vtot 

 
Compliance=393,48 J 

V=0,4016Vtot 

p,
q=

6 

 
Compliance=519,49 J 

V=0,4009Vtot 

 
Compliance=407,95 J 

V=0,4022Vtot 

 
Compliance=397,94 J 

V=0,3999Vtot 
 

 
The dimensions of the filter increase when the degrees increase or when the number of control 
points decreases. So, evident changes in resulting topologies occur: when the number of 
control points increases the final optimum topology has better quality (together with better 
performances) and thinner features (i.e. thin branches) appear. Conversely, increasing the 
degrees implies an inhibition of such features. Hence, it is evident that the dimension of the 
filter zone affects the minimum member size that can be expected from the topology 
optimisation. It should be also highlighted that, if objective function values are compared, 
only the solution v, ù � 6 with 16 × 10 control points is significantly far from the other 
solutions: it can be explained by the fact that the filter dimensions are too big and the zone of 
interdependence among elements is too extended. So, the algorithm tends to converge on a 
pseudo-optimal solution. However, increasing too much the number of control points or 
decreasing the degree of the blending functions does not imply a more efficient solution (in 
terms of both objective and constraint functions). 
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Fig. 5 - Function vs number of control points for a 40x25 mesh elements 

 
Furthermore, too small filter dimensions lead to misleading results. When the filter 
dimensions are lower than or equal to those of the elements, the checkerboard effect appears 
also in the framework of the NURBS-based SIMP approach. 

Concerning the volume equality constraint, it is strictly met in the examined configurations 
(after performing the geometrical reconstruction of the optimum topology). Indeed this is a 
strong advantage of the NURBS-based SIMP approach: when the pseudo-density field is 
described through a NURBS scalar function, it is automatically compatible with any standard 
format of data exchange (IGS, STEP, etc.) and the optimum topology can be easily 
transferred from the FE code to a CAD software without the need of any curve/surface fitting 
phase. Conversely, in the framework of the classical SIMP approach (where the volume 
constraint is met only in the element-discretised domain) there is not any ad-hoc rule to 
retrieve the boundary of the optimum topology by rigorously satisfying the volume constraint 
during CAD rebuilding phase (often the optimum topology is described through the positions 
of the elements nodes at the end of the analysis and requires complex surface and/or curve 
fitting operations which lead to a considerable increase of the volume of the final topology). 

Moreover, Figure 5 shows the trends of the compliance versus the number of control points 
for several values of the surface degrees. In this figure, the objective function at the end of the 
optimisation is called “obj opt” and it is the nominal compliance of the structure evaluated on 
the whole domain 7 with a mapped mesh (it is represented with a continuous line). The 
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effective compliance of the rebuilt structure (i.e. the compliance values reported in Table 1) is 
marked with dashed lines.  

From an accurate analysis of results provided in Table 1 and Figure 5 two basic facts can be 
deduced: 

- for each analysis the effective compliance is always smaller than the nominal one. This 
means that the proposed methodology is conservative (in terms of the strain energy of the 
structure); 

- when the number of control points reaches a threshold value (when the number of control 
point is about the 75% of the mesh elements) it has no more influence on the value of the 
compliance. This means that even the user chooses of increasing the number of control 
points beyond this threshold there is almost any influence on the values of the 
objective/constraint functions. This fact also proves that the number of design variables is 

unrelated to the mesh size and, if the aforementioned constraints on the filter dimensions 
are met, the designer is free to choice the best compromise between computational time 
and accuracy in the description of the involved physical phenomena. 

 

CONCLUSIONS 

This study aims at proving the possibility of enhancing the classic SIMP approach in the 
context of the NURBS formalism for 2D structures. The main effects of such a choice have 
been investigated and the main results can be summarised as follows. 

1) The NURBS representation of the pseudo-density introduces an implicitly defined filter 
zone that should be properly sized by means of the NURBS discrete parameters in order to 
avoid numerical artefacts or premature convergence on pseudo-optimal solutions. 

2) If the dimensions of the filter are big enough (i.e. superior to the mesh characteristic 
dimension) in order to prevent the checkerboard effect, there is a substantial independence 
of the resulting objective function from the number of the NURBS control points. 
Therefore, increasing the number of design variables beyond to a given threshold value 
(which depends upon the problem at hand) does not affect the result in terms of objective 
and constraint functions. 

3) The final rebuilt structure (i.e. the CAD geometrical representation of the optimum 
topology) exhibits conservative and consistent properties in terms of both the objective 
function and the volume constraint: for the considered examples the CAD representation of 
the optimum solution has always the same (or a lower) objective function value (when 
compared to that provided by the TO algorithm) and exactly meets the volume constraint.  

4) Using the NURBS allows for precisely describing the structure boundaries, so 
unconventional constraints related to the AM technology can be imposed. In this paper a 
constraint on the radius of curvature has been successfully included in the TO. 

This work opens several perspectives: first of all, some constraint, typical of the AM 
technology, can be included in the TO. In this sense, the most important constraints to be 
taken into account are the minimum length scale size and the volume of support. The first 
constraint should be imposed on the true boundary of the structure and not on the mesh 
elements. Therefore, the minimum length constraint would exactly correspond to the actual 
minimum printable feature size. Concerning the latter constraint, it can be stated that the most 
efficient way to deal with support structures could be a minimisation of their volume rather 



Topic-A: Computational Mechanics 
 
 

-216- 

than avoiding their presence on the final product. Finally, the most challenging perspective is 
to develop the NURBS-based SIMP approach in the most general 3D case. 
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ABSTRACT 
Precise lifetime predictions are essential during product development to meet short 
development times. For this purpose, high-quality material models are required, which are 
able to represent the stress occurring in products with high accuracy. In this work, four 
different hardening models are presented which take into account different flow laws and 
hardening effects. According to (Dazer, 2016) many designs have to be calculated for the 
stochastic lifetime predictions. Therefore, evaluation criteria is also calculation time in 
addition to the accuracy of the approximation. The result is that the stress in the component 
can be described accurate with a 3-step transition from static to cyclic behavior. 

Keywords: Kinematic hardening model, nonlinear hardening model, stochastic fatigue 
calculations, damage calculation 

 

INTRODUCTION 

Most products lifetime is tested with high loads in order to obtain results faster. In case of 
known accelerating factors these results allow lifetime predictions for field stress (Nelson, 
2004). At high load levels, plasticizing is increasing, which influences the fatigue strength due 
to mechanic hardening or softening. To obtain precise lifetime predictions, simulation models 
must be able to describe these effects. According to the state of the art (Leutwein, 2007), 
mostly the purely cyclic behavior is regarded, which leads to inadequate results with cyclical 
hardening materials. 

The elasticity of the material is initially over-estimated, leading to lower plastic strains and to 
high stresses in the simulation. In addition, stress relaxation and cyclic creeping occur under 
cyclic load resulting in a time dependent damage behavior (Haibach, 2006). First of all, 
different material models will be compared in terms of accuracy and computing time. For 
validation real data is gathered from a brake caliper of the KB-SfN GmbH, made of 
spheroidal graphite casting iron GJS 600-6 with an applied strain gauge. For the material data 
samples were taken from the strut of the brake caliper, see fig. 1.  

To carry out the stochastic lifetime prediction according to (Dazer, 2016) the material model 
must be able to represent variance of material characteristics in very low computing time. 
Therefore a stochastic modeling of the material behavior of the best model is necessary. In 
order to validate the stochastic material model, lifetime tests were performed with different 
brake calipers. 
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Fig. 1 Sample from the brake caliper 

 

DEFINITION AND IMPLEMENTATION OF THE MATERIAL MODELS 

Four models are presented and compared in terms of accuracy and calculation time. 

- Model 1: cyclic behavior with multilinear kinematic hardening (mkh); 

- Model 2: cyclic behavior with nonlinear kh Chaboche model (Lemaitre, 1990); 

- Model 3: 3-step mkh; 

- Model 4: 2-step mkh & cyclic behavior with nonlinear kinematic hardening. 

Model 1 and 3 are based on the Ramberg-Osgood (RO) equation (Ramberg, 1943) with 
multilinear kinematic hardening behavior, see eq. 1. 

 (N,Ñ � =î h �=ë�� ��  (1) 

The flow surface remains constant during kinematic hardening. The flow criterion depends on 
the displacement of the flow surface (Miramontes, 1996). According to Prager rule (Prager, 
1955), the Tensor X describes the current position of the flow surface. The yield strength Re 
remains constant. 

 [�=,>� � f�= � >� � �@ (2) 

For the description of the stress-strain correlation, the hardening coefficient K and the 
hardening exponent n are required in addition to the young’s modulus. For static cases, they 
are obtained from tensile tests and for cyclic cases from strain-controlled fatigue strength 
tests. Model 1 is using cyclically stable behavior from the first load step with a constant flow 
criterion and hardening rule and therefore represents state of the art. The 3-step hardening 
model 3 considers the transition from static to cyclic behavior. Thereto, the first load step is 
calculated with the static first load model n and K from tensile test. Casting materials often 
show a different material behavior when the load is released, which is described by the 
Bauschinger-Effect (Berns, 2013). 

Consequently, the first load release is modeled with the load release behavior n’ and K’. It is 
assumed that the material is already cyclically hardened with the beginning of the third load 
step, which is why cyclically stable behavior n’’ and K’’ is modeled from then on. Within a 
calculation step, the flow criterion remains constant. Between the calculation steps (transition 
from static to load release and from load release to cyclic data), a discrete change of the flow 
criterion is conducted. The Young’s modulus increases by 20 GPa from static to cyclic 
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behavior, which is also considered in model 3. Table 1 and fig. 2 show the median values and 
the median stress-strain correlation of the modeled data. (Leutwein, 2007) used a similar 
procedure to determine the influence of autofrettage of cylinders with internal pressure 
loading. 

 

 

Fig. 2 - Stress-strain correlation of modeled material data 

 

Table 1 - Median values of material data 

 static data load release data cyclic data 

 K n E [GPa] K’ n’ E [GPa] K’’ n’’ E [GPa] 

model 1 - - 180 - - 180 959 0,1 180 

model 3 1000 0,5 160 1340 0,17 160 959 0,1 180 

 

The integration into the FEM software Ansys is accomplished with 20 pairs of values of stress 
and plastic strain. For model 3, each load case is calculated with the corresponding material 
data. The elastic components are integrated separately with an isotropic behavior, which is 
defined by the Young’s modulus and the Poisson’s ratio. The yield strength is used for 
separation between elastic and elastic-plastic behavior, because theoretically the first plastic 
deformation in the component occurs at this point. Accordingly, the pairs of values have to 
begin at the yield strength and an associated plastic strain of ()* 	� 	0. GJS600-6 is a material 
without a pronounced yield strength, why an approximate solution is used for the 
determination. If the deviation between the purely elastic εel and the elastic-plastic εt behavior 
exceeds the limit of ∆εcrit = 0.07 % for the initial load or ∆εcrit = 0.02 % for the first load 
release and the cyclic load, the approx. yield strength Re’ is defined at the corresponding 
stress of ∆εcrit, see eq. 3 and fig. 3. The limit value ∆εcrit was empirically adjusted to the real 
data and tends to the conservative side to avoid too small plastic strains. 

The stresses for the pairs of values are divided with a constant step size between approx. yield 
strength Re’ and tensile strength Rm. A conversion from technical to true values according to 
eq. 4 and eq. 5 is necessary (Zahavi, 1996), because in tests the change of cross section is not 
considered. 
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Fig. 3 - Numeric determination of approx. yield strength Re‘ 

 ∆(1=�Ñ � (Ñ � (@* � º=Nî h �=Në �� �� ½ � =Nî � �=Në �� ��  (3) 

 =Ñ=û@ � σ	�1 h (Ñ@1� (4) 

 (Ñ=û@ � ln	�1 h (Ñ@1� (5) 

Stresses result in: 

 = � = �1 h =î� h �=ë�� ��  (6) 

The corresponding strains are calculated on the basis of the plastic part of the RO equation 1 
in combination with the conversion in eq. 5. 

 ()*Nµ � ln º1 h �=ë�� �� ½			. (7) 

Table 2 shows the median of the first calculated pairs of values. 

Table 2 - Median pairs of values of modeled data 

static data load release data cyclic data 

σ [MPa] ε [%] σ’ [MPa] ε’ [%] σ’’ [MPa] ε’’ [%] 

314.00 0 316.00 0 410.00 0 

340.35 0.014 342.31 0.032 431.70 0.033 

366.08 0.025 367.97 0.049 452.42 0.053 

391.86 0.044 393.67 0.073 473.20 0.083 

417.71 0.074 419.43 0.105 494.07 0.127 

443.65 0.120 445.26 0.149 515.07 0.190 

469.73 0.191 471.19 0.207 536.24 0.282 

496.04 0.296 497.24 0.283 557.67 0.411 

522.65 0.449 523.46 0.380 579.44 0.591 

549.70 0.666 576.54 0.503 601.71 0.838 

σ 
[M

Pa
]
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Obvious differences, especially between static and cyclic behavior, are evident. The approx. 
and the 0.2 % yield strength are distinctly increased. But the release behavior doesn’t follow 
the static behavior either. Calculating the yield strength Re’, the following flow laws result, 
based on eq. 2: 

 [�=,>�µÑNÑ�1 � f�= � >� � 314 (8) 

 [�=,>�=@*�@Ö � f�= � >� � 316 (9) 

 [�=,>�101*�1 � f�= � >� � 410. (10) 

Models 2 and 4 are based on a nonlinear kinematic Chaboche model (Lemaitre, 1990), which 
maps cyclic creeping and stress relaxation by a nonlinear evolution of the flow criterion. 

Because it is a kinematic model, the flow surface moves with plastic deformation in the stress 
plane without changing the flow surface. However, there is a limitation, which restricts the 
displacement of the flow surface (Miramontes, 1996). The displacement of the flow surface is 
described with the kinematic hardening variable (khv) α. Eq. 11 shows the change of the khv. 
C and γ are the material characteristics of the Chaboche material model. 

 ^\ � 6	^() � K\B()B (11) 

By integrating the change of the khv the following result is obtained: 

 \ � ï 6K h è\/ � ï 6Kê ∙ S �CD CDE� (12) 

Stress is calculated with: 

 = � \ h ï. (13) 

Stress is described by equations 12 and 13 and depends on the current plastic strains () and on 
the previous condition	()/ and \/, while the direction of motion is given by ν = ± 1. 
Analogous ()/ and \/ are equal to zero in case of first load behavior. Assuming an ideal 
adjustment of the khv to the real stress-strain curve, the constant T is set equal to the approx. 
yield stress Re’. 

 . � �@′ (14) 

Finally, eq. 11-14 results in: 

 

 = � ô\ww
��� h ïë �ôï6wKw ∙ �1 � S à�uCDx�

w
��� h ï�@′ (15) 

 

The plastic area of the cyclic stress-strain curve can be divided into three areas, see fig. 4. A 
large slope is distinctive for area 1. Area 2 introduces the transition into a nearly flat and 
linear curve progression in area 3. 
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Fig. 4 Segmentation of cyclic stress-strain curve 

 

According to (Lemaitre, 1990) a three times fragmented khv α is thus sufficiently accurate. 
The model parameters Cj and yj are iteratively adapted to the cyclic stress-strain curve. C1 
corresponds to the slope of the curve after the yield strength, while K1 maps the fading 
hardening. In area 2 and 3, the transition to the nearly linear part of the curve is defined with 
C2,3 and K2,3. The khv’s are finally lifted to the corresponding stress level by means of the 
approximately determined yield strength Re’. Table 3 lists the determined Chaboche model 
parameters. Similar to models 1 and 3, model 2 uses only the Chaboche material data at the 
beginning of the calculation. In model 4, hardening is applied in two stages similarly to model 
3. The non-linear model is then calculated to estimate the influence of stress relaxation and 
creeping. 

Table 3 - Chaboche model parameters 

Parameter Value 

C1 75885.8 

γ1 691.3 

C2 9789.7 

γ2 88.8 

C3 2058.6 

γ3 9.64 

Re’ 410 

 

 

VERIFICATION AND COMPARISON 

A brake caliper of the KB-SfN GmbH, made of spheroidal graphite iron GJS 600-6 with an 
applied strain gauge on the strut, was tested with a constant load for comparative values, see 
fig. 5. Due to the bending of the strut, a 3-axle loading condition is developed. The strain 
gauge measures the strain in y- and x-direction, to verify the 2-axle surface load condition. 

σ
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Fig. 5 - KB brake caliper with applied strain gauge 

Table 1 shows median strain values of the individual models compared to the real data. 
During the first 20 load cycles, air pressure is adjusted to apply the nominal load, where 
significant plastic deformations already occur. The increase of the initial high plastic strains is 
already fading away in the subsequent 100 load cycles. Between the next 100 and 10,000 load 
cycles, plastic strain in y-direction only increases by approx. 88 µm/m.  It can be concluded 
that the hardening of the material is so strong, that the stress amplitude can be beard almost 
completely elastically. Cyclic creeping could be responsible for the small increase in plastic 
strain at high load cycles. 

Table 4  - Comparison of different material models 

  cumulated plastic strain in y direction after x 
cycles [µm/m] 

computing 
time 

cycles for 
computing time 

cycles 20 100 200 300 10.000 -  
real data 944 1114 1127 1142 1202 -  
model 1 523 523 523 523 523  ≈ 10 min 2 cycles 
model 2 544 569 582 596 - ≈ 9 h 300 cycles 
model 3 1144 1144 1144 1144 1144 ≈ 20 min 4 cycles 
model 4 1169 1200 1207 1212 - ≈ 9h 300 cylces 

 cumulated plastic strain in x direction after x 
cycles [µm/m] 

  

real data -535 -624 -628 -636 -638   
model 1 -252 -252 -252 -252 -252   
model 2 -271 -285 -296 -305 -   
model 3 -631 -631 -631 -631 -631   
model 4 -653 -678 -691 -702 -   

Because of the high computing time, model 2 and 4 are cancelled after 300 cycles. The strains 
of the state of the art models 1 and 2 are too small due to the high initial material strength and 
thus do not give reliable data. The strains of model 1 and 3 remain the same, because the flow 
criterion is only changed twice discretely, and a new plasticizing doesn’t occur after load step 
1. Nevertheless model 3 is providing sufficiently high accuracies at a significantly lower 
computation time without the consideration of stress relaxation and creeping. Only during the 
first 20 load cycles the calculated strain is too high. This can be explained by adjustment of 
the pressure at the beginning of the test and therefore the allegedly smaller load. The real 
creep strain on the caliper can be approached very well with the two-stage hardening and the 
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subsequent non-linear material behavior in model 4. On the other hand, there is the enormous 
computing time since many load steps have to be calculated. Because the low creep strains are 
also not decisive for fatigue strength, they can be neglected for a damage calculation of 
materials with very pronounced hardening during the first load cycles. 

In order to support this thesis, a damage calculation based on (Smith, 1970) is carried out 
according to eq. 16 for median values. 

 OGH� � æ=¡ ∙ (Ñ ∙ î (16) 

 4 � 1=�N� ∙ ^=^|	 (17) 

The damage calculations in fig. 6 show that only model 2 is able to represent a transient 
transition of hardening which is finished after 20 cycles.  Hardening of all other models is 
finished after max. 3 cycles. In addition to the damage values, stress gradient effects in 
notches according to eq. 17 have to be considered for lifetime predictions (Siebel, 1955).  

 
Fig. 6 - Damage calculation for the different material models 

Fig. 7 shows damage and stress gradients of model 2 for different notch intensities based on 
eq. 16 and 17. Convergence already occurs very early too and this effect is reinforced with 
increasing notch intensity Kt. The amount of damage increases accordingly with increasing 
notch intensity. In addition the settling process is completed more quickly. This can be 
explained by the material behavior as follows: 

 
Fig. 7 - Damage and related stress gradient for different notch intensities 
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With increasing stress and thus increasing strain level, the increase in the khv α is flatter over 
the strain. This results in a large hardening at the beginning and an even faster stabilization of 
the material can be expected. Notches develop support effects that are included in the lifetime 
calculations by means of the related stress gradient (Siebel, 1955). Fig. 7 shows the course of 
the stress gradient at constant load amplitude. A settle process is identifiable, too.  

Furthermore, the magnitude of the related stress gradient increases while the settling time 
decreases with increasing notch intensity. With a small notch effect, the course of the related 
stress gradient can change, because it does not only dependent on the notch shape, but also on 
the type of stress. The course of the stress gradient thus behaves very similar to the damage 
values. As a result, the error using model 3 decreases with increasing notch intensity. For a 
notch intensity of Kt = 1.8, the damage rate already stabilizes after approx. 6 load cycles and 
the gradient after approx. 50 load cycles. However, these observations are only based on 
simulation data so far and have to be verified with a detailed measurement. 

With these investigations, it can be demonstrated, that time-dependent settling processes as 
well as cyclic creeping and stress relaxation can be neglected for fast hardening materials. The 
3-step hardening model describes the 2-axle surface load condition in the caliper with 
sufficient accuracy and a low computation time. 

 

STOCHASTIC MATERIAL MODELING AND LIFETIME CALCULATION 

In case of casting iron materials in particular, fluctuating production processes and different 
chemical compositions of the castings sometimes result in considerable variance of the 
mechanical properties (Trubitz, 2004). For example, the copper content is essential for the 
shaping of the elongation at break. In order to take this variance into account for a lifetime 
calculation, Dazer (Dazer, 2016) proposed a stochastic lifetime calculation process, in which 
scattering of the input variables is considered. 

The 3-step material model must therefore be capable of mapping the real scattering of the 
mechanical properties, which means that the stress-strain relationship has to be changed. 
Therefore, suitable scattering ranges of the parameters of the RO - equation have to be 
determined. In the first step, the variance of the respective 0.2 % - yield strength and the 
tensile strength of the material batches is used. 

Fig. 8 shows the variance ranges of material properties for initial loading. All of them follow 
a Weibull distribution. The elastic part is completely defined by the variance of the Young’s 
modulus. For the elastic-plastic range, the 0.2 % - yield strength and the tensile strength 
provide two supporting points of the Ramberg-Osgood equation. The 0.2 % - yield strength is 
always assigned to a plastic strain of ( � 0.2	%, see eq. 18, while the tensile strength is 
assigned to the uniform elongation (J, see eq. 19.  

Using Monte-Carlo sampling with 10.000 iterations the result is a one-dimensional range of 
variation for supporting point 1 and a two-dimensional range of variation for supporting point 
2, because uniform elongation is also scattering. Correlation between tensile strength and 
0.2 % yield strength of the measured data is nearly linear and was taken into account. An 
obvious correlation between tensile strength and uniform elongation could not be 
demonstrated with the measured data.  

Fig. 9 shows the procedure with the associated point clouds of the supporting points as well as 
the median, the min. and the max. Ramberg-Osgood curve for initial loading. The range of 
variance for initial release and cyclic data are determined analogously, with the difference that 
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another stress level is selected for support point 2, because the tensile strength is not directly 
measurable in strain-controlled fatigue tests. In this case, also a one-dimensional range of 
variance results for support point 2, since the tension is measured at a defined elongation. 

 
Fig. 8 - Variance of material properties 

 

 

Fig. 9 - Monte-Carlo procedure for variance determination of RO parameters 

 ()*Nµ! � �=�ë�� �� ⇒ 0.002 � è�)/.�ë ê� ��  (18) 

 ()*Nµ� � �=�ë�� �� ⇒ (J � è��ë ê� ��  (19) 

Executing the procedure with 10,000 Monte-Carlo iterations result in the probability functions 
of the RO parameter of static, release and cyclic data. 
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With the determined variance of the parameters and the probability functions, it is now 
possible to represent scattering loading conditions in the caliper like in reality, e.g. by batch 
fluctuations. The advantage of this method is the enormous flexibility and adaptability of the 
stochastic model. Due to the integration with pairs of values according to eq. 6 and 7, the new 
yield strengths, the associated pairs of values for stress and strain and the corresponding flow 
criteria according to eq. 8-10 are obtained directly in case of changes in the material 
parameters.  

According to (Zahavi, 1996) the level of cyclical hardening is highly depend on the metal 
production process. The production process again is dependent on many random variables 
like casting temperature and chemical composition. Therefore it is not possible to demonstrate 
a generally valid correlation between static, release and cyclic material behavior. For that 
reason, differently pronounced hardening effects have to be taken into account. Hence, the 
individual curves (static, release, cyclic data) are modeled independently, which means that a 
higher static yield strength does not automatically mean an equally higher cyclic yield 
strength. This makes it possible to map different phenomena of material behavior, such as the 
following limiting cases: 

- Initially weak materials with weak hardening, 
- Initially strong materials with strong hardening, 

but also: 
- Initially weak materials with strong hardening, 
- Initially strong materials with weak hardening. 

The stochastic lifetime calculations proposed by (Dazer, 2016) can be carried out using the 
defined material behavior. The results are shown in fig. 10 for different calipers with different 
notch intensities at the location of failure. The calculations result in an entire mapped virtual 
Weibull distribution, which approximates the real data with a high accuracy. In addition, the 
accuracy increases with increasing notch intensity, which can be ascribed to the smaller 
calculation error from the settling process. Certainly, the error with small notch intensities 
could also be explained with the smaller sample sizes of the real data. 

 
Fig. 10 - Stochastic lifetime calculation according to (Dazer, 2016) for different notch intensities 

 

SUMMARY 

In the first part of this work was shown, that a very good approximation of the material 
behavior of cyclically hardening materials can be achieved with a 3-step transition from static 
to cyclic behavior. For GJS 600, the transient settling process is already finished between 20 
and 100 load cycles depending on the notch intensity. Thus the neglected damage-relevant 
regions are very small. In summary, it can be revealed, that the time-dependent effects and 
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settling processes for the material description can be neglected for hardening materials with 
weakly pronounced creeping behavior. 

For the stochastic lifetime calculations according to (Dazer, 2016), the 3-stage mkh material 
model is stochastically described in the second part of this work. This allows mapping of 
strong and weak hardening behavior with analogous initial conditions, making the model very 
flexible to use. The empirical validation due to the lifetime calculations of the brake calipers 
shows that the material model maps the real loading conditions with very high accuracy. 
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ABSTRACT 

In fiber concrete the mechanical properties are partly determined by the orientation and 
alignment of the fibers. The fiber orientations depend largely on the casting process, 
formwork form, formwork surface, manual intervention and vibration. It is therefore 
important to be able to predict fiber orientations by simulating the casting process using 
computational fluid dynamics. Calibrating the fluid dynamics program is a problem, as the 
results not only depend on the rheological properties of the fluid-matrix, but also on the initial 
fiber orientations. In the poster, important aspects of designing benchmark cases for 
calibration and testing of fluid dynamics simulation for predicting fiber orientations are 
discussed. 

Keywords: fiber orientations, fiber concrete, casting, computational fluid dynamics. 

 

INTRODUCTION 

Recently, several experimental studies established that it is possible to obtain fiber concrete  
with improved strength and durability. The main function of fibers is to bridge the 
microcracks in the concrete and to provide better ductility The properties of the fiber concrete 
depend on the concrete recipe, the flow of the fresh concrete into the formwork, possible 
vibrating of the concrete and the fiber orientations. The fiber orientations are largely 
influenced by the flow of the concrete, which also depends on the formwork surface quality. 
A rough, sticky surface can produce a different fiber alignment than a smooth, non-sticky 
surface. 

The flow of the fresh concrete mass can be simulated using computational fluid dynamics 
(CFD), in which the concrete is approximated by a Bingham-plastic model. Recently 
benchmark cases have been proposed to calibrate CFD simulations of concrete without fibers. 
In the case of fiber concrete, also the spreading and orientational distribution of the fibers 
should be simulated. The fiber orientations in the fluid can be simulated by coupling an 
equation for the fiber orientation distribution to the Navier-Stokes equations.  

The experimental verification of the simulations of the fiber orientations is difficult, as 
concrete is opaque and the fiber orientations can only be measured in the hardened concrete, 
e. g. by x-ray computed tomography or image analysis of slices. To be able to observe the 
fiber orientations during the flow, experiments were performed in which the opaque concrete 
was replaced by a transparent matrix with similar rheological parameters as the fresh self-
compacting concrete, see Fig. 1. In the poster, these experiments will be compared to the 
simulations. 
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RESULTS AND CONCLUSIONS 

The results from the experiments of casting process of a transparent polymer solution which 
contains fibers show that formwork surface quality affects on fiber orientation and its 
distribution. Furthermore, the conditions of casting, like the velocity of the casting process of 
fresh concrete, angle and slope of the   pipe, can affect the fiber orientations as well. When 
defining the benchmark cases for calibrating flow simulation software, these parameters need 
to be considered. 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1 - Casting experiment with fibers in polymer solution 
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ABSTRACT 

This work describes a grid generation program which is under development in authors’ 
laboratory and would enable its users to generate grid system around 3D wings easily and 
efficiently for flow analysis by using OpenFOAM flow solvers. Key features of current 
system include its problem-oriented feature which could exclude many chores required for 
users in generating 3D wing grid system according to general procedure, and deformation of 
wing geometry and grid system as its consequence are also included. This paper describes and 
demonstrates how the grid system is initially generated and exported as grid file with proper 
boundary conditions attached for OpenFOAM solvers, and briefly shows how the grid system 
is efficiently deformed with grid quality maintained properly. 

Keywords: wing design, geometry optimization, wing aerodynamics, grid generation. 

 

INTRODUCTION 

Lifting force of a fixed wing aircraft is mostly produced by the wings attached to fuselage, 
and optimal design of their geometrical shape is very important to achieve better aerodynamic 
performance of the aircraft. In developing a new aircraft, engineers need to model and analyze 
different combination of wing shape parameters in several senses, and it would require 
iterative and repeated analysis of 3D wing aerodynamics. Computational Fluid Dynamics 
(CFD) approach offers a good alternative analysis method replacing experimental approach 
for such an iterative procedure. The geometry of aircraft wings can vary according to the 
selection of those shape parameters in their planform geometry as well as cross-sectional 
airfoil shape. For the usage of CFD codes, the user firstly generates proper grid system around 
the wing geometry as a pre-requisite process, and it is definitely beneficial to have efficient 
way to prepare proper grids for each variation of shape parameters with reasonable quality. 

OpenFOAM is a collection of sub-procedures or modules for the solution of partial 
differential equations governing flow phenomena (OpenCFD Ltd., 2004), and it is an outcome 
of open-source movement in the field of Computational Fluid Dynamics (CFD). The user 
community of OpenFOAM is growing rapidly and getting widely-spread all over the world 
mainly due to one of its strong advantages, so-called free-of-charge for acquiring and using it. 
Many users are utilizing OpenFOAM solvers to solve their own engineering problems or to 
produce data for their research works. This study is focused on developing grid generation 
program which would enable its users to generate grid system around 3D wings of structured 
type easily and efficiently for flow analysis by using OpenFOAM flow solvers. Once the 
input parameters for wing shape and domain boundary are given, the structured grids are 
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generated by using hyperbolic-type marching method which can maintain grid orthogonality 
at the wing surface meanwhile keeping overall smoothness (Byoungsoo, 1994). The program 
also automatically produce boundary conditions which are required to be assigned to each 
patches of domain boundary usually in the earlier part of solution procedure. 

 

RESULTS AND CONCLUSIONS 

A screen shot of the grid generation program is shown in Fig. 1. It is programmed by using 
JAVA language and JOGL library. The program can be run either as a local execution file or 
as a web-based remote applet. Structured grids for aerodynamic analysis of wing can have 
different topology, and Fig. 2 shows two typical grid types, that is, O-O type and C-O type 
grids which are generate by using the current program with minimized user interaction for 
input. 

 

           
Fig. 1 - Grid generation program               Fig. 2 - Examples of resultant grids (O-O type and C-O type) 

 

This study shows that the developed program can be used to study wing aerodynamics and its 
selling point is that it can be integrated with OpenFOAM flow solvers which would enable 
iterative analysis with different shape parameters in a quite automatic sense, and the current 
approach would be applied to the optimal design of wings. 
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ABSTRACT 

The purpose of this work is to debate the various methods of cycle counting and fatigue 
damage estimation currently available and applied in practice. A focus on the pros and cons of 
the standard cycle counting methods (in time domain) versus the semi-empirical frequency 
domain cycle counting methods is addressed in detail. Besides the application of cycle 
counting methods and estimation of fatigue life with base on experimental raw data (flight 
data obtained from a Socata TB30 airplane of the PoAF - Portuguese Air Force) it is also 
extended the application field of these methods to the numerical (FEM - Finite Element 
Method) domain with the explanation of the first steps followed in the development of some 
dedicated numerical tools for fatigue durability analysis. The accompanying case studies are 
based on realistic load spectrum and the output results valuable for the offered comparison. 

Keywords: fatigue damage, frequency and time domain, cycle counting methods. 

 

INTRODUCTION 

Critical structures rarely are subject to purely constant static loading but rather subjected to 
continuous complex dynamic loading of various natures. Therefore, besides the conventional 
cycle counting methods based on time domain data (ASTM, 2011), the interest in fatigue life 
estimation directly from random vibration spectrum has grown in recent years. (Larsen & 
Irvine, 2015) and (Mršnik, et al., 2013) are recent comprehensive reviews of such numerical 
methods. In fact, some advantages can arise from the use of frequency domain data, namely, 
the use of response PSD-Power Spectra Density of strain or stress data, obtained from the 
monitoring of selected structural hot spots. In fact, PSD data reveals the distribution of energy 
per bin of frequency of a certain dynamic phenomena, which is statically equivalent to the 
dynamic signature of the component or structure monitored that, without structural damage, 
should remain stationary during the life of the component. In practical terms, if the PSD is 
fully representative of the component or structure dynamics, the semi-empirical cycle 
counting methods based on frequency domain data can rely on a single curve (PSD spectrum) 
for the estimation of fatigue life. In fact, the fatigue life time of the component/structure is 
calculated for a specific mission duration relative to a PSD baseline curve.  

The main objective of  this work is to compare the well-known standard time domain 
Rainflow cycle counting method with the frequency domain based semi-empirical methods as 
presented by Fig. 1, enhancing advantages and disadvantages of both procedures. The 
methods are described and the nomenclature used is presented in Table 1. Their correctness is 
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discussed and insights are given with specific numerical simulation tools developed in the 
context of the finite element method, for the enhancement of design operations in the context 
of fatigue life optimization. 
 

 
Fig. 1 - Fatigue life prediction based on time and frequency domain data. 

 

THEORETICAL BACKGROUND 

Damage 

The calculation of the cumulative fatigue damage is based on the use of the material Basquin 
coefficients (_,8).  
Table Table 1 presents the Basquin coefficients for the Aluminum 2219-T851. Assuming �Ö 
as the number of cycles at failure, the Wohler’s equation can be expressed as: 

�Li� � 8 (1) 

Therefore, the fatigue cumulative damage can be presented as: 

7 � 18ôi�����  (2) 

 

Table 1  - Material Basquin coefficients of expression (1) (Mršnik, et al., 2013). 

 m A [MPa] 

Aluminum 2219-T851 7.3 6.853×1019 

 

Time domain method 

The standard cycle counting method named Rainflow cycle counting method is defined in 
Section 5.4.4 of the ASTM E1049-85(2011) (ASTM, 2011). This is a cycle counting method 
well known in the aeronautical industry and applied in the context of maintenance and life 
extension procedures. Other standardized cycle counting methods such as: 1) Level Cross 
Counting, 2) Peak Counting and 3) Simple Ranging Counting, should also be referred here. 

Frequency domain semi-empirical methods 

The recent years have witnessed the publication of several semi-empirical methods that 
calculate fatigue damage based on cycle counting from frequency domain spectra. A good 
literature review of these topics is addressed by (Wirsching, et al., 2006). What follows, in 
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this section, is a theoretical resume, including underlying statistical theory, of these published 
methods. 

In signal processing analysis, spectral moments stand as a powerful mathematical tool widely 
used to condense temporal information into a few scalar quantities that are able to describe 
the signal distribution. The first four statistical moments can be combined to fully characterize 
a signal by evaluating its mean, standard deviation, skewness and kurtosis. Spectral moments 
are used in several engineering areas such as tribology and vibration. For the frequency 
domain fatigue field, spectral moments are used to calculate standard deviation, mean 
frequency, irregularity factor, peaks and upward mean crossing per second, as follows 
(Teixeira, et al., 2014). 

The moments of a one-sided (positive frequency) power spectral density are defined as 
(Larsen & Irvine, 2015): 

MN � � f NWP�f�dfR
/  (3) 

where, the index j may be non-integer. 

The moments summarize valuable information of the spectra. Literatures denotes that the 1st 
moment is a measure of mean (location), 2nd moment is a measure of variance (spread or 
dispersion), 3rd moment measures the degree of asymmetry (skewness) and the 4th moment the 
histogram flattening (kurtosis) (Hammond & Shin, 2008). 

The rate of zero up-crossings can be estimated as: 

ï/# � æå� å/⁄  (4) 

The rate of peak occurrences is obtained by: 

ï) � æå� å�⁄  (5) 

The irregularity factor is a measure of bandwidth, defined as: 

\� � å�æå/å�� (6) 

Where, a commonly used special case is obtained for � = 2: 

\� � å�æå/å� � ï/
#ï)  (7) 

Literature refers that the irregularity factor is always between 0 and 1 (due to the fact that: ï) ≥ ï/#) (Larsen, 1987). Accordingly, for narrowband signals, the irregularity factor has a 
tendency to approximate to the value of one whereas for broadband (wideband) signals, the 
irregularity factor progressively tends to zero (Halfpenny & Kihm, 2010). 

The spectral width is defined as: 

( � æ1 � \�� (8) 
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The Vanmarcke’s bandwidth parameter defined in terms of the moments of the one-sided 
power spectrum through \� is given by: 

� � æ1 � \� (9) 

This parameter value is also limited to the range [0, 1]. The parameter approaches zero for 
narrowband signals (Larsen, 1987). 

Power spectral density is a function that describes the energy content distribution of a quantity 
over a frequency range. The mean square value of the quantity of interest (stress, strain, 
accelerations, etc…) is obtained by integrating the power spectral density function with 
respect to a specific frequency range (Teixeira, et al., 2014). 

The Probability Density Function (PDF) is the main component of the cycle counting 
methods in the frequency domain. Essentially, the estimation of the PDF is what differentiates 
the several available methodologies and enables fatigue life to be calculated. Each method is 
based on defined set of spectral moments and designed to cover a certain type of signal 
bandwidth (narrowband, wideband) or the combination of both (Teixeira, et al., 2014). 

 

Narrowband semi-empirical method [NB] 

The Rayleigh or narrowband damage approximation is given by (Larsen & Irvine, 2015): 

7"< � ï/#T8 u√2=Gx�Γ è12_ h 1ê (10) 

Where ï/# defines the expected positive zero-crossings intensity. Therefore, for a narrowband 
process, the positive zero-crossing intensity ought to be very comparable to the peak intensity ï). Γ is the Euler gamma function (Mršnik, et al., 2013). 

Wideband Stress approximation 

Damage due to a wideband stress processes may be estimated from the narrowband damage 
multiplied by a correction factor as (Larsen & Irvine, 2015): 

7 � �7"< (11) 

In which � is a generic scale or correction factor. Specific forms for � have been suggested in 
the literature: 

Wirsching & Lite semi-empirical method [WL] 

Wirsching and Light developed the following correction factor by simulating processes 
having a variety of spectral shapes (Larsen & Irvine, 2015): 

�H�(,_� � 4�_� h �1 � 4�_���1 � (�U��� (12) 

Where: 

4�_� � 0.0926 � 0.033_ (13) 

a�_� � 1.587_ � 2.323 (14) 
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Larsen & Lutes semi-empirical method [LL] 

Larsen and Lutes advanced the following empirical correction factor, referred to in the 
literature as the Single-Moment method (Irvine, 2014): 

�V � uå� �⁄ x� �⁄=G�ï¡#  (15) 

The direct Larsen and Lutes cumulative damage is given by: 

7 � T8 u√2x�uå� �⁄ x� �⁄ Γ è12_ h 1ê (16) 

Ortiz & Chen semi-empirical method [OC] 

Ortiz and Chen developed the following correction factor by applying the generalized spectral 
bandwidth to the Rayleigh distribution (Larsen & Irvine, 2015): 

�t � Ct�\�  (17) 

In which the generalized spectral bandwidth is: 

Ct � W å�åtå/åt#� , E � 2.0 _⁄ 	�TQUS:_4´	aS	4	TQT � �TUSRSP� (18) 

Benasciutti & Tovo semi-empirical method [BT] 

The first Benasciutti and Tovo correction factor is given by (Larsen & Irvine, 2015): 

�<� � �a h �1 � a�\�� ��\� (19) 

Banasciutti and Tovo presented two different equations to calculate the weighting factor b 
(Mršnik, et al., 2013): 

� Version 1: 

a � min ý\� � \�1 � \� , 15 (20) 

� Version 2: 

a � �\� � \��©1.112u1 h \�\� � �\� h \��xS|v�2.11\�� h �\� � \��«\�  (21) 

X..YZ semi-empirical method [AL] 

The X..YZ correction factor proposed by Benasciutti and Tovo is given by (Larsen & Irvine, 
2015): 

�
 � \/.[J�  (22) 

Dirlik semi-empirical method [DK] 

The Dirlik method approximates the cycle-amplitude distribution by using a combination of 
one exponential and two Rayleigh probability densities (Larsen & Irvine, 2015). 
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The Dirlik histogram formula for stress cycles ranges is expressed by: 

��i� � ï) ∙ T ∙ v�i� (23) 

The probability density function v�i� is given by: 

v�i� � 7�̧ S|v �� Ü̧� h 7�Ü�� S|v è�Ü�2��ê h 79ÜS|v è�Ü�2 ê2æ_/  (24) 

A regularity factor, K, that represents the expected ratio of zero-crossings to peaks, is defined 
as: K � _�æ_/_� (25) 

The mean frequency is defined as: 

|� � _�_/W_�_� (26) 

The normalized stress range, Ü, is defined as: 

Ü � i2æ_/ (27) 

The empirical distribution weight factors are given by: 

7� � 2�|� � K��1 h K�  (28) 

7� � 1 � K � 7� h 7��1 � �  (29) 

79 � 1 � 7� � 7� (30) 

¸ � 1.25�K � 79 � 7���7�  (31) 

� � K � |� � 7��1 � K � 7� h 7�� (32) 

Therefore, the Dirlik cumulative damage is expressed by: 

7 � è 12�8ê� i���i�^iR
/  (33) 

Zhao & Baker semi-empirical method [ZB] 

Zhao and Baker combined theoretical assumptions and simulation results to give an 
expression for the cycle distribution as a linear combination of the Weibull and Rayleigh 
probability density functions (Larsen & Irvine, 2015). 
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The probability density function for stress cycle’s amplitude is: 

v�Ü� � c\CÜÞ �S|vu�\ÜÞx h �1 � c�ÜS|v��Ü� 2⁄ � (34) 

Where: 

Ü � i =G⁄  (35) 

The weighting factor is expressed by: 

c � 1 � \�1 �\2¶ Γ è1 h 1Cê\ � Þ⁄  
(36) 

The Weibull parameters are: 

\ � 8 � 7\� (37) 

C � ý 1.1	[QP		\� < 0.91.1 h 9�\� � 0.9�	[QP		\� ≥ 0.9 (38) 

Therefore, the Zhao and Baker cumulative damage is given by: 

7 � �ï)T8 �=G�� Ü�v�Ü�^Ü,			^Ü � ^i =G⁄R
/  (39) 

 

EXPERIMENTAL DATA 

The data used in this study was provided by the PoAF, specifically, the data concerns vertical 
acceleration (Nz) measurements (in g units) on the Socata TB30 Epsilon fleet aircrafts (Fig. 
2a)), considering different mission objectives. The following conversion (transfer) function 
calculated by (Milharadas, 2003) allows one to achieve a correlation between stress outputs 
(in MPa units) in function of the vertical acceleration signal (Nz), within the identified critical 
zone showed on Fig. 2b) (Milharadas, 2003). = � 31.3�M (40) 

 

a)                                                                              b) 

Fig. 2- a) The Socata TB30 Epsilon aircraft model. b) framework 2 of the aircraft body 
structure  (Milharadas, 2003). 
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Table 2 resumes several characteristics of four different time domain signals under analysis. 
The four signals under study recorded at 25 Hz, characterize raw data in the sense that data 
was not submitted to a prior filtering, windowing or neither an envelope analysis procedures. 
The four signals cover different mission’s typology that these aircrafts are submitted to during 
its life.  

The estimation of PSD has been obtained by the use of the Welch’s method (with the 
application of statistical degrees of freedom) in sequence with the application of a Hanning 
window. This procedure allows the extraction of numerous PSD established on the base of the 
number of statistical degrees of freedom (dof) applied in the calculation. Fig. 3 exemplifies 
this switch-over. 

  
a) b) 

Fig. 3 - a) Experimental data in the time domain. b) frequency domain. 
 
 

Table 2  - Acceleration data statistical brief. 

 Data 1 Data 2 Data 3 Data 4 

Sample Rate [sps] 25.24 25.13 25.27 25.16 

Time Step [s] 0.03962 0.03979 0.03957 0.03975 

Duration [s] 6341 8177 2016 6341 

Number of sample points 160023 205508 50961 159526 

Maximum [g] 4.603 4.462.2 1.597 4.599 

Minimum [g] 0.006 -0.466 0.564 0.163 

Crest Factor 12.29 13.65 21.87 15.34 

Mean [g] 1.082 1.056 0.9781 1.039 

STD DEV 0.3744 0.327 0.07301 0.2998 

RMS 0.3744 0.327 0.07301 0.2998 

Skewness 4.099 4.411 0.3854 5.422 

Kurtosis 25.72 29.7 6.063 45.81 

Rice Characteristic Frequency [Hz] 0.6622 0.5404 2.831 0.7057 
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COMPARISON PROCEDURE 

The analytical comparison comprises the following steps: 

� Calculation of the power spectral density output from the measured time domain data; 

� Calculation of the fatigue damage by the ASTM Rainflow counting procedure over the 
entire time domain data (Fig. 4a); 

� Calculation of the fatigue damage by the semi-empirical methods over the considered 
frequency range (Fig. 4b); 

� Calculation of relative error (.@==¡=), in which .] refers to the semi-empirical method 
results and .�L^ to the reference value obtained by the Rainflow method: 

.@==¡= � .] � .�L^.�L^  (41) 

For this comparison study, it was assumed that the Rainflow time-domain technique is the 
baseline for comparison in result of its well-established use in the aeronautics industry, for 
fatigue life analysis procedures. 

As stated previously, damage is obtained by integrating the PDF with respect to the stress 
range from zero to infinity. In terms of numerical evaluation, however, there must be an upper 
limit or threshold value for the integration process. This threshold value is defined as a cutoff 
stress, which is the maximum stress that can presumably be found in the stress history of the 
analyzed signal. The cutoff value can be defined as a RMS multiple of the integration 
variable, which is the stress range. The choice of the proper integrating interval must therefore 
also be carefully considered for accomplishing the most accurate results (Teixeira, et al., 
2014). 

a) 

 

b) 

Fig. 4 - Comparison procedure. a) Time domain b) Frequency domain data. 
 
An aluminum grade has been chosen to act as a baseline material for this comparison study. 
The material characteristics applied in the study are presented in Table 2. 

Table 3 outlines the irregularity factor \� of the selected PSD (obtained from the signals in 
Table 2) for comparison as function of the statistical degrees of freedom (dof). Fig. 5. allows 
the visualization of this respective PSD. It should be noticed that the number of dof is not 
consistent for all the considered spectra. In fact, the number of dof chosen for computing the 
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PSD of each signal was targeted in a previous analysis. The spectra that obtained the best 
comparison results are summarized in Table 3. 

The number of dof is obtained directly from the number of windows (Nw) used for the PSD 
computation, which is given by: 

^Q[ � 2�� (42) 

Table 3 - Irregularity factor X_ in function of the number of dof. 

Spectrum 1 [1 to 4] 
18 dof 38 dof 78 dof 156 dof 

0.14241253817 0.152151885635 0.164327799752 0.162853440089 

Spectrum 2 [5 to 8] 
100 dof 200 dof 400 dof 802 dof 

0.12563993255 0.132092959095 0.145399948454 0.164053896204 

Spectrum 3 [9 to 12] 
12 dof 24 dof 48 dof 98 dof 

0.529464652805 0.534174292262 0.53675262233 0.550725413239 

Spectrum 4 [13 to 
16] 

18 dof 38 dof 76 dof 154 dof 

0.156025144795 0.155660584222 0.163440920868 0.17255100425 

 

 
1) 2) 3) 4) 

 
5) 6) 7) 8) 

 
9) 10) 11) 12) 

 
13) 14) 15) 16) 

Fig. 5 - Power spectral densities under analysis. The numbering is according to Table 4. 
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RESULTS 

As shown in Fig 6, the Dirlik semi-empirical method obtained, globally, the best accuracy 
under the study for the data of spectra 3 as the error is less dependent on the number of dof 
chosen. Additionally, spectra 3 presented the highest irregularity factor (\� > 0.5) among the 
four as well as the lowest overall �åi of the four (< 3). The study of spectrum 2 gave also 
two very accurate outcomes. Although, for this spectrum, small comparison errors were 
obtained for spectrum 2 for two dof (200 and 400), the error increases for the other two dof 
considered. For spectrum 1 the comparison with the conventional method is acceptable for the 
dof’s equal to 38 and 78. The worst results were obtained for spectrum 4 where an average 
error of, approximately, 45 % was obtained. 

 

Fig. 6 - Relative error of semi-empirical Dirlik method compared to Rainflow method. 

Fig. 7 presents an overall comparison of the eight semi-empirical methods considered for this 
study with a particular focus on spectrum 3. The Figure reveals that the methods, \/.[J, Lutes 
& Larsen and Ortiz & Chen, asides from Dirlik, delivered interesting outputs. On the other 
hand, the methods Narrowband and Banasciutti & Tovo, delivered the less accurate outputs. It 
should be noticed that the signals can’t be classified as narrowband signals (\� ≪ 1) which 
lead to the lack of accuracy found for the Narrowband method. The studies of (Larsen & 
Irvine, 2015), for the same material properties, obtained the greatest accuracy with the Dirlik 
method. 

 
Fig. 7-  Relative error of semi-empirical methods compared to Rainflow for spectrum 3. 
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As to accomplish a deeper understanding of the behaviors of these empirical methods and 
therefore to withdraw a more thoughtful judgment, a far more extensive study is necessary. 
This scenario would also include signal treatments (in time and frequency domain data) prior 
to the application of a cycle counting and fatigue damage estimation technique. 

 

EXTENSION TO FINITE ELEMENT ANALYSIS 

The extension of the upper concepts to FEA-Finite Element Analysis is outlined in Fig. 8 as 
to enrich the design operations in the context of fatigue life optimization both in time and 
frequency domain. 

In Fig, 9b) are displayed results of fatigue life achieved from the preliminary efforts 
undertaken to implement a numerical approach for the computation of material fatigue in the 
context of FEA. Results for three different specimens, under the exact loading conditions are 
shown, demonstrate that fatigue life span reduction (�Ö) is notorious in specimens with 
potential hotspots, in contrast with ones with no hot spots or stress concentration regions (Fig. 
9a). 
 
 

 
Fig. 8 - Flow chart of the finite element analysis procedures regarding fatigue studies in the 

frequency and time domains. 
 
 

 
 

a) b) 

Fig. 9 - Fatigue simulation results. a) Specimens under simulation. b) Fatigue Life [ab] simulation output. 
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Future work on the topic has in perspective: 1) to develop and implement a methodology for 
fatigue analysis in the context of FEA and 2) to deploy a fatigue analysis tool for post-
processing data, both in time and frequency domains, obtained via FEA. 

 

CONCLUSIONS 

Spectral and conventional time domains methods for cycle counting, fatigue damage 
accumulation and life prediction are presented. The most referenced semi-empirical methods 
are briefly reviewed. The higher accuracy obtained for the semi-empirical Dirlik method is 
highlighted. 

A brief discussion and preliminary results about the extension of frequency and time domain 
methods of fatigue analysis to finite element analysis are respectively given and presented. 

As future work, is highlighted the extension of all the semi-empirical spectral methods for 
fatigue live analysis to FEA environment and further comparisons with the well-known 
conventional time domain methods. In addition and by this means, it will be distinguished the 
fundamental differences of both methodologies and further studies will also consider the 
sensitivity of spectral methods to the statistical variables of the analyzed signals. 
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ABSTRACT 
 

The understanding of the stick-slip dynamics is of both fundamental and practical importance. 
However, the numerical investigation of such dynamical systems can be difficult and time 
consuming. In this work, we outline the necessary modification in the scientific package 
MATLAB to achieve an accurate and fast simulation result. The result is demonstrated using 
a 3-mass system under friction and harmonic excitation. 

 

Keywords: stick-slip dynamics, chaos, MATLAB. 

 

INTRODUCTION 

The presence of dry friction is known to create complex stick-slip dynamics in many natural 
and engineering systems. The numerical simulation of the stick-slip dynamics often requires 
transitioning to a different set of governing equations based on the force balance when the 
system is temporarily at rest. However, implementing this relatively simple check of the force 
balance in the numerical integration is not straightforward. For example, numerically 
precisely hitting a zero velocity is difficult. Also, the convergence of the integration can 
change across the transition, which could potentially result in significantly longer integration 
time. Such issues continue to motivate various alternative, and sometimes ad hoc, numerical 
schemes to study the stick-slip dynamics [1]. In this work, we show a simple solution using 
the scientific computational package MATLAB [2]. While MATLAB is quite effective to 
solve various types of differential equations, it is not efficient to solve stick-slip dynamical 
systems. By modifying the main integration routine, we could reach the numerical result 
significantly faster with the similar degree of accuracy. This will be demonstrated in the stick-
slip dynamics of a 3-mass mechanical system. 

 

RESULTS AND CONCLUSIONS 

To simulate the stick-slip dynamics, one must (a) identify the 
potential transition point, (b) stop the integration, and (c) switch to a 
different set of dynamical laws when necessary. While these steps 
can be directly entered from the right hand side of the integration 
routine (direct method), exceedingly long computational time could 
result for above mentioned reasons. Alternatively, MATLAB 
provides the option to terminate the integration at a user-defined 
event. However, it is strictly defined to be the zero-crossing of the 
event function, rather than when the function attains a zero value. 
This can exclude the dynamic scenario given by a sequence of slip-

x1       x3                    x2 
linear spring 

parallel tracks 

 m1               

      m3         m2 

 d 

Fig. 1 
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stick-slip motion in the same direction. Hence, the default setting of MATLAB cannot be 
directly applied to study the stick-slip dynamics. By adding the codes in the main integration 
routine, the potential transition can be effectively determined and the integration can be 
forced to stop using the existing event function facility (modified MATLAB). The time 
saving is quite remarkable as demonstrated by a 3-mass mechanical system. The system 
consists of masses, m1,2,3, in a horizontal plane moving on parallel tracks separated by a fixed 
distance d. The masses are connected via linear springs of spring constant k1,2 with 
undeformed length l0 (Figure 1). The middle mass m3 is further placed on a moving ground of 
constant velocity v0 and forced by the harmonic function G

0
cos(ωt). Letting the mass position 

be x
1,2,3

, the magnitude of the spring force exerted on the (side) masses m
i
 is given by E�u1 � 3/ æ�|9 � |��� h ^�⁄ x�|9 � |��, i = 1, 2, respectively. Now, consider k = k1,2 and, for 

i = 1, 2, 3, introduce . � UæE/_9, ´� � ��> , c� � _� _9⁄ ,Λ� � f� E^⁄ , the friction force,f� �f�µsgn�|'�� �1 h 3⁄ ||'�|� [3,4], and Γ � g/ E^⁄ , Ω � � æE _9⁄⁄ . The equations of motion 

based on the 3rd order expansion of æ�|9 � |��� h ^� can be given by c� Ý́� � \�´9 � ´�� hC�´9 � ´��9 h Λ� � 0, i = 1, 2, and Ý́9 � \∑ �´9 � ´������ h C∑ �´9 � ´��9���� h Λ9 �Γ cos�Ω.�. Qualitatively similar chaotic transient stick-slip dynamics can be obtained using 
direct method (Fig. 2a) and modified MATLAB method (Fig. 2b). But the modified 
MATLAB method significantly reduces the computation time (Figure 3). 

     
                                     Fig. 2 - Transient stick-slip dynamics                                      Fig. 3 - CPU time (min) vs  
                                                                                                                                             max simulation time 
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ABSTRACT 

In this work, the Laplace transform direct Boundary Element Method is used for the transient 
dynamic analysis of 3D linear piezoelectric solids with cavities. The present boundary 
element formulation is based on the regularized displacement boundary integral equation. 
Integral expressions of the displacement and traction fundamental solutions in Laplace 
domain are employed. The collocation method and mixed boundary elements are used for the 
spatial discretization. The proposed boundary element technique is used to solve dynamic 
problems involving piezoelectric solids with prismatic cavities. 

Keywords: boundary element method, piezoelectric solids, 3D problems, dynamic analysis, 
anisotropy. 

 

INTRODUCTION 

The piezoelectric materials are becoming increasingly common in many fields due to their 
coupled electromechanical behaviour. Smart structures and systems equipped with 
electromechanical devices, sensors and actuators made of piezoelectric materials have many 
technological applications in various fields. They are widely and effectively used in the area 
of active vibration control of structures. In recent years, piezoelectric transducers have been 
investigated in consideration of their application in energy harvesting from mechanical 
vibrations (Raju, 2015; Priya, 2007). Therefore, an accurate numerical modeling of transient 
dynamic responses of piezoelectric solids is essential in many engineering applications 
though it can be very challenging because of the anisotropic and multifield nature of 
piezoelectric materials. 

For solving complex dynamic problems a capable and reliable numerical method is required. 
Among the large range of numerical approaches, a Boundary Element Method (BEM) is 
particularly well suited for studying the wave propagation phenomena. In literature only a few 
works are found for application of the conventional boundary element method to the 
three-dimensional transient analysis of linear piezoelectric initial-boundary-value problems. 
The main reason for that is the difficulty associated with the construction of the piezoelectric 
fundamental solutions (Green’s functions). Wang et al. (2005) used Radon transform to obtain 
integral expressions for the fundamental solutions of linear piezoelectricity. An alternative 
method for computing the static part of Green’s piezoelectric function was introduced by 
E. Pan et al. In order to avoid numerical evaluation of dynamic fundamental solutions a Dual 
Reciprocity approach (DRBEM) was proposed (Kogl, 2000; Gaul, 2003). However, the 
proper placement of the internal collocation nodes and choice of the interpolation functions 
for the generalized source terms are still subjects of research in DRBEM. 
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In this study, for dynamic piezoelectric problems we present a Laplace domain direct BEM 
formulation based on regularized boundary integral equation and integral representations of 
fundamental solutions. The modified Durbin’s method is employed to retrieve time domain 
solutions. Boundary element solutions for simple example coincide well with the results of 
finite element simulation. Furthermore, numerical results of more complex problem are 
presented. 

 

PROBLEM STATEMENT 

We consider a three-dimensional (3D) finite-sized linear piezoelectric solid which may 
contain single or multiple cavities. The solid occupies a domain 3R∈Ω  enclosed by .Ω∂=Γ  
The constitutive relations of linear piezoelectricity are (Tiersten, 1969; Parton, 1988): 

 ,kijkkl

E

ijklij EesC −=σ  ,3,1,,, =lkji  (1) 

 ,kikklikli EseD ε+=  (2) 

where ijσ  is the Cauchy stress tensor, kls  is the infinitesimal strain tensor, kE  is the electric 

field and iD  are the electric displacements. ,E

ijklC  ijke  and ikε  denote the components of the 

elastic modulus tensor, the piezoelectric tensor and the dielectric tensor, respectively. For the 
constants of the piezoelectric material the following symmetry relations are satisfied: 

 ,E

ijlk

E

jikl

E

klij

E

ijkl CCCC ===  (3) 

 ,ikjijk ee =   (4) 

 .jiij εε =  (5) 

Under the quasi-electrostatic assumption electric field-potential and elastic 
strain-displacement equations read 

 ),(
2

1
,, ijjiij uus +=  (6) 

 ,,iiE φ−=  (7) 

where iu  are the elastic displacements and φ  is the electric potential. 

The equations of motion for the elastic displacements in the absence of body forces, Gauss's 
law of electrostatics in the absence of free charge are given by 

 ,, ijij u&&ρσ =  (8) 

 ,0, =iiD  (9) 

where ρ  is the mass density. 

For the piezoelectric analysis it is convenient to use contracted notation (Barnett, 1975) in 
order to group the mechanical and electric variables in the extended vectors and tensors as 
follows 

 




=
==

,4,
,3,1,

k
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U k

k φ
 (10) 
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Due to the symmetry properties (3)-(5) the extended constants ijklC  of piezoelectric material 

satisfy the following symmetry condition: 

 .lkjiijkl CC =  (14) 

By applying the contracted notation (10)-(13) to the basic equations of linear piezoelectricity 
the generalized equations of motion can be expressed as follows 

 ,, kjkilkijkl UUC &&
∗= ρδ  ,3,1, =li  ,4,1, =kj  (15) 

 


 ==∗

otherwise.,0
,3,1,, kjjk

jk

δδ  (16) 

To complete the problem statement Eq. (15) must be supplemented by the initial and 
boundary conditions 

 ,0),(),( == tUtU ii xx & ,0≤t  (17) 

 ),,(),( tUtU ii xx ∗=  ,UΓ∈x  (18) 

 ),,(),( tTtT ii xx ∗=  ,TΓ∈x  (19) 

where the prescribed values ∗
iU  and ∗

iT  are defined on the external boundaries UΓ  and TΓ , 

respectively. In addition, kT  are the extended tractions 

 




==
===

,4,
,3,1,

knDD

knt
T

iin

kikk
k

σ  (20) 

with in  denoting the components of the outward unit normal vector. 

Taking into account vanishing initial conditions (17), we apply the Laplace transform to the 
Eqs. (15) and (18)-(19): 

 ,2
, kjkilkijkl UsUC ∗= δρ  ,3,1, =li  ,4,1, =kj  (21) 

 ),,(),( sUsU ii xx ∗=  ,UΓ∈x  (22) 

 ),,(),( sTsT ii xx ∗=  ,TΓ∈x  (23) 

where s is the Laplace transform parameter and overbar denotes a transformed variable. 
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BEM FORMULATION 

A system of weakly-singular Laplace domain boundary integral equations for the 
piezoelectric boundary-value problem defined above can be derived from the extended 
Somigliana identity and given as follows 

 [ ] ,0)(d),,(),()(d),,(),(),,(),( =Γ−Γ− ∫∫
ΓΓ

yxyyyxyxxyy sgsTshsUshsU jkk

S

jkkjkk  ,Γ∈x (24) 

where x is the collocation (source) point and y is the observation point, jkg  and jkh  are the 

Laplace domain piezoelectric dynamic displacement and traction fundamental solutions and 
S

jkh  is the static part of jkh . This equation does not contain any strongly singular integrals and 

this is advantageous compared to the conventional singular displacement boundary integral 
equations. 

The numerical implementation of the system of boundary integral equations (24) follows the 
standard boundary element scheme and all external boundaries are discretized with boundary 
elements. In the present formulation we employ the idea of mixed elements where the 
geometry and boundary variables are described by different interpolations. Particularly, the 
geometry of the elements is represented by the quadratic shape functions, while the extended 
displacements and tractions are approximated by the linear and constant interpolation 
functions. Next, after applying the boundary integral equations for each collocation point and 
rearranging resulting system of algebraic equations by grouping the unknown variables on the 
left-hand side and known variables on the right-hand side, we obtain a complex-valued linear 
system in the following form 

 [ ]{ } { },)()()( sss fpA =  (25) 

where { })(sp  and { })(sf  are the unknown and known vectors and [ ])(sA  is the influence 
matrix. 

By solving Eq. (25) the unknown extended boundary displacements and tractions are obtained 
for a particular Laplace transform parameter s. In order to retrieve time-dependent solution 
system (25) must be solved for a set of Laplace transform parameters. 

 

PIEZOELECTRIC FUNDAMENTAL SOLUTIONS 

For 3D linear piezoelectric problems, the full-space Laplace domain displacement and 
traction fundamental solutions can be represented as sums of static and dynamic parts 

 ),,()(),(),,( sggsgsg D

ij

S

ijijij rrrxy +==  (26) 

 ),,()(),(),,( shhshsh D

ij

S

ijijij rrrxy +==  (27) 

where ,xyr −=  r=r  and superscripts “S” and “D” denote the static parts and dynamic 

parts, respectively. 

The dynamic (regular) part of displacement fundamental solution is expressed as a surface 
integral over a half of a unit sphere (Wang, 2005) 
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while the static (regular) part is expressed as an integral over a unit circumference 
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 ,ρλmmc =  ,mm csk =  ,)( lkkijlij ddC=Γ d  ,)( lkkijlij nnC=Γ n  (32) 

where mλ  are the eigenvalues of the matrix jpL , Q is number of distinct eigenvalues; mc  and 

mk  are phase velocities and wave numbers, respectively. 

The domains of integration are defined as follows (Fig. 1) 

 ( )( ) },20{ πφφ ≤≤=∈ SDdL d  ( )( ) },20;10{, πφφ ≤≤≤≤=∈ bDbdS Dn  (33) 

 ( ) ,1, 2 edn bbb +−=φ  ,rre =  [ ],,, 321 eee=e  (34) 

 ( ) ( )[ ] ,1sin1,sincos,sincos 2
3

2
3321312 eeeeeeee −−−+−+= φφφφφφd  (35) 

 

 
Fig. 1 - Geometrical representation of vectors r, e, n and d used in evaluation of 

fundamental solutions 
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The expressions for the traction fundamental solutions can be easily obtained through the 
following relation 

 ),(),,( , yxy ilkpijkljp ngCsh =  ,5,1, =pj  (36) 

with )(yin  being the unit normal vector to the boundary at the observation point y. 

 

INVERSE LAPLACE TRANSFORM 

Let )(tf  be a time domain function with ,0)( =tf  .0<t  The unilateral Laplace transform 
and it’s inversion are defined as 

 ( ) ,exp)()(
0
∫
∞

−= dtsttfsf  (37) 

 ( ) .exp)(
2

1
)( ∫
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∞−

=
ic

ic

dsstsf
i

tf
π

 (38) 

Suppose )( ksf  represent the values of )(sf  obtained on the set of Laplace transform 

parameters kk is ωα += , Rnn =<<<<= +121 ...0 ωωωω  with .0)Re( ≥α  Then the formulas 

for inverting f  can be expressed as follows (Igumnov, 2014; Zhao, 2004): 
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where 
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 .sincos)( 111112 tYtZZtg nnnn ++++ −+−= ωω  (42) 

,kZ  1,1 += nk  are determined from the following tridiagonal system 
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,kY  1,1 += nk  are determined from 
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with kkk ωω −=∆ +1 , )](Re[ kk ifF ωα += , )](Im[ kk ifG ωα += , )](Re[ 10 ωα ifF += , 

)](Re[ 11 ++ += nn ifF ωα , )](Im[ 10 ωα ifG += , )](Im[ 11 ++ += nn ifG ωα . 

 

NUMERICAL EXAMPLES 

In all examples presented in this section, solids are made of piezoelectric material PVDF with 
mass density 3kg/m 1780=ρ  and the following material constants 
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In first illustrative example a piezoelectric unit cube with and without central cubic cavity, as 
shown in Fig. 2, is considered. For each case the cube is subjected to Heaviside-type traction 

),(3 tHtt ∗=  5101 ⋅−=∗t  Pa at the face 13 =x m while at the opposite face 03 =x m the cube is 

clamped and zero electric potential is prescribed. The rest of the surface is free from the 
extended tractions in both cases. First, a cube without cavity was considered. Four boundary 
element meshes with 216 (mesh 1), 384 (mesh 2), 600 (mesh 3) and 864 (mesh 4) elements 
were used. A comparison of obtained boundary element solutions for the displacements ( )tu3  

and electric potential ( )tφ  at point A (0.5, 0.5, 1.0) m with that obtained by finite element 
simulation are shown in Figs. 3-4. As it can be noticed, a good agreement between results is 
observed. For the case when a central cubic cavity with edge length of 0.45 m is present 
inside the piezoelectric cube, again a four boundary element meshes with 312 (mesh 1), 600 
(mesh 2), 984 (mesh 3) and 1464 (mesh 4) were employed. Figs. 5-8 show the transient 
response of the displacements ( )tu3  and electric potential ( )tφ  at point A (0.5, 0.5, 1.0) m and 

at point B (0.5, 0.275, 0.5) m which is located at the boundary surface of the cavity. As in the 
first case obtained boundary element results agree well with the finite element solutions. 
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Fig. 2 - Geometry and boundary conditions for piezoelectric unit cube with and without cavity 

 
Fig. 3 - Transient displacements ( )tu3  at point A 

 

Fig. 4 - Transient electric potential ( )tφ  at point A 

 
Fig. 5 - Transient displacements ( )tu3  at point A 

 

Fig. 6 - Transient electric potential ( )tφ  at point A  

 
Fig. 7 - Transient displacements ( )tu3  at point B 

 

Fig. 8 - Transient electric potential ( )tφ  at point B 
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For our next example we consider a piezoelectric solid with more complex geometric 
structure (Fig. 9). As in the previous example, two cases are addressed: when the solid is 
homogeneous and when a square cuboid cavity is present. Width and length of the square 
cuboid cavity is 0.03 m while height is 0.8 m and centre of the cavity is located at 
(0.025, 0.025, 0.05) m. The solid is subjected to the following electromechanical loading 
(Gaul, 2003): at the face 1.01 =x m tractions ),(1 tHtt ∗=  5101⋅−=∗t Pa are applied while the 

face at 03 =x m is clamped and an electric potential 0)( =∗ tφ V is prescribed. The rest of the 

surface is free of the extended tractions. Comparisons between obtained transient responses of 
the displacements ( )tu1  and electric potential ( )tφ  at the observation point A (0, 0, 0.1) m for 
the solid with and without cavity are shown in Figs. 10-11. As it can be seen, in case of this 
more sophisticated problem proposed boundary element formulation is able to produce stable 
numerical results. 

 
Fig. 9 - Geometric structure and loading conditions for piezoelectric solid with and without 

square cuboid cavity 
 

Fig. 10 - Transient displacements ( )tu1  at point A 
 

Fig. 11 - Transient electric potential ( )tφ  at point A 

 

CONCLUSIONS 

Presented boundary element formulation based on the integral representations of the 
fundamental solutions proved to be capable and accurate for transient dynamic problems of 
linear piezoelectric solids containing defects like cavities. Obtained results indicate that a 
more refined boundary element mesh is required in the case when the cavity is present 
compared to case when piezoelectric solid is homogeneous. Results of the proposed boundary 
element approach are in a good agreement with the corresponding finite element solutions. 
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ABSTRACT 

The results of numerical modeling of wave propagation in unsaturated porous medias are 
presented in this paper. The extended Biot’s model for a three-phase porous medium is used 
which predicts the presence of three compressional waves and one shear wave. The direct 
boundary integral equation method is used to solve the 3d poroelastodynamic boundary value 
problem in Laplace transform. The time-stepping method for numerical inversion of the 
Laplace transform is used to get the solution in time domain. The problem with force acting 
as a Heaviside function on a poroelastic prismatic console is solved. The excitation of the 
third slow compressional wave on the dynamic response of the pore air pressure is 
demonstrated.  

Keywords: partially saturated porous media, third slow wave, Laplace domain, BEM, time-
step method 

 

INTRODUCTION 

Use of widely practiced physical relations of elasticity or viscoelasticity for various types of 
natural and artificial materials with porous structure does not make it possible to provide 
required accuracy in analyzing their dynamic behavior. Characteristic examples of porous 
materials are water- (or other liquids) saturated rocks, artificial foam materials with air-filled 
pores, as well as various biological tissues. 

The behavior of multi-phase media was first described in the works by J. Frenkel (Frenkel, 
1944) and М. Biot (Biot, 1956). Biot’s theory is based on the same stress-strain relations as 
Frenkel’s approach, but is more general. In his works Biot showed that in a fully saturated 
porous medium there exist three types of waves: fast and slow longitudinal waves and a 
transversal wave. The fast longitudinal wave and the transversal wave are similar in their 
nature to waves in an elastic medium, whereas the slow longitudinal wave is characteristic of 
a porous medium. The slow wave is more difficult to detect, as its amplitude is considerably 
smaller than that of the fast longitudinal wave. T. Plona in 1980 was the first to obtain 
experimental evidence of the existence of the two longitudinal waves in artificial porous 
media (Plona, 1980). O. Kelder and D. Smeulders proved the existence of the two 
longitudinal waves in a natural rock in their ultrasonic experiments (Kelder, 1997). 

The ever-growing interest of the researching community to wave propagation in porous media 
necessitated the extension of Biot’s theory on the case of porous media saturated with several 
fluid fillers. The general method consisted in deriving stress-strain relations for the 
constituent phases, followed by their use in balance equations in the frame of standard 
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mechanics of solids. Based on the above approach, the works by Brutsaert (Brutsaert, 1964), 
Garg and Nayfeh (Garg, 1986), Santos et al. (Santos, 1990), Tuncay and Corapcioglu 
(Tuncay, 1996), (Tuncay, 1997) on the theory of porous media saturated with two non-mixing 
fluids, made it possible to evaluate, both qualitatively and quantitatively, the characteristics of 
the three wave types, as well as to predict the existence of the second slow longitudinal wave. 
The appearance of this wave results from capillary effects due to the presence of an additional 
fluid phase. Li and Schanz give a numerical-analytical solution for a one-dimensional 
partially saturated poroelastic rod and demonstrate the effect of excitation of the second slow 
wave over the dynamic responses of the pore pressures of water and air (Li, 2011). Results of 
the numerical-analytical modeling of wave processes in two- and three-component porous 
media are also presented in the works (Igumnov, 2015), (Igumnov, 2016). 

Very often, an analytical solution is only possible in some special cases and for particular 
kinds of boundary conditions, thus the analysis of dynamic problems of partially saturated 
porous media calls for using developed numerical methods, such as FEM and BEM. The 
present paper introduces a boundary-element methodology, based on a stepped method of 
numerical inversion of integral Laplace transform, for analyzing 3D initial boundary-value 
dynamic problems of partially saturated poroelastic bodies. A three-component poroelastic 
Biot medium is considered, which has five basic functions of describing the wave process - 
displacements of the skeleton and pore pressures of the fluid and gas. The results of modeling 
the excitation effect of the second slow longitudinal wave in a prismatic porous body are 
given. 

 

MATHEMTICAL MODEL 

The mathematical model of the problem will be written following the approach of Schanz and 
Li (Li, 2011), (Li, 2012), (Li, 2013). A poroelastic medium is represented using the following 
mathematical model of a heterogeneous material: an elastic matrix phase and two filler phases 
- a liquid and a gas filling the pore system. All the three phases are assumed to be 
compressible. Temperature variations are neglected. Such a poroelastic material can be 
considered as partially saturated, and its model is called a “three-phase” model. Besides, 
porosityϕ  and saturation degree of the material fS  are defined as:  

V

V
S

V

V f

f
void == ,ϕ ,     (1) 

where voidV  is volume of interconnected pores in the specimen, V  is total volume of the 

material, fV  is volume of the filler, and it is assumed that af =  for air and wf = for water. 

Consider a case where the pores are completely filled: 

1=+ wa SS .      (2) 

In a partially saturated porous material containing two non-mixing fillers the interface surface 
between then is curved as a result of intermolecular interaction forces. The accompanying 
pressure difference in both of the interfacing phases is called capillary pressure cp . Capillary 
pressure can be represented as a function of the saturation degree as follows: 

θ
1

−
=−= e

dwac
Spppp , 

rwra
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e
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SS
S

−
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= ,    (3) 
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where eS  is effective water-saturation; rwS  is residual water-saturation; raS  is residual gas-

saturation; dp  is gas pressure required for driving the liquid out of the pores; ]3,2.0[∈θ  is 

skeleton grain side distribution coefficient. Phase permeability fκ  is defined as: 

frff kK ηκ /=       (4) 

where k  is permeability of the poroelastic material, rfK  is relative phase permeability, fη is 

viscosity of the filler. The authors used Corey’s relations for the case of a gas-water mixture 
in the pores (Brooks, 1964): 

θθ /)32( += erw SK , [ ]θθ /)2(2 1)1( +−−= eera SSK .   (5) 

To describe mechanical behavior of the partially saturated porous medium, the effective stress 
principle is used, which was introduced by Terzaghi (Terzhaghi, 1943). In (Zienkiewicz, 
1990), the corresponding defining relations in terms of stress were formulated, based on 
Terzhagi’s principle: 

)(2 a

a

w

wijkkijij pSpSσ +−+= αδλεµε ,    (6) 

where α  is effective stress coefficient, µ  and λ  are Lame parameters. The components of 

strain tensor ijε  of a solid and displacements iu  are correlated by geometric relations: 

( )
ijjiij uu ,,2

1
+=ε .     (7) 

To construct equations of motion, defining equations must be combined with the related 
balance equations of momentum and balance equations of mass of each of the phases. The 
result is a formulation including unknown solid body displacement iu , relative displacements 

of the fluid medium w

iu  and a

iu , and pore pressures wp  and ap : 

( ) ( ) w
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where 

sK/)( ϕαζ −= , )( rwwwww SSSS −−= θ , )( rwwaaa SSSS −+= θ , ww Kb /ϕ= , aa Kb /ϕ=
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In (8), volumetric force iF  is introduced, and in (11)-(12) sources aI  and wI are introduced. 

Applying Laplace transform to equations (8)-(12) and removing relative displacements w

iu  

and a

iu , the following expression is obtained: 

w
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where w

iq̂ , a

iq̂  are representations of the filler flows. Dynamic equations of a porous medium 

can be written in terms of representations of displacements of solid iû  and descriptions of 

pore pressures of the fillers wp̂  and ap̂ : 
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A compact operator expression for equations (14)-(16) with non-self-adjoint operator Β  takes 
the following form: 
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Boundary conditions in Laplace representations will be as follows: 

υυ ~),( =sx , )( uSx ∈ ; tsxt
~),( = , )( σSx ∈ ,     (18) 

where ( )aw ppuuu ˆ,ˆ,ˆ,ˆ,ˆ 321=υ  is representation of the generalized displacement vector, 

)ˆ,ˆ,ˆ,ˆ,ˆ( 321
aw qqtttt −−=  is representation of the generalized force vector, uS  is Dirichlet’s 

boundary, and σS  is Neumann’s boundary. Equations (17)-(18) completely describe the 
boundary-value problem in the representations of 3D isotropic dynamic poroelasticity. 

 

BOUNDARY-ELEMENT METHODOLOGY 

The boundary integral equations were solved using a direct approach of the boundary element 
method in combination with the integral Laplace transform. The boundary integral equation 
for dynamic poroelasticity in Laplace region is obtained based on the reciprocity theory or the 
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weighted residual method. The derivation of boundary integral equations using the weighted 
residual method is described in (Li, 2013), where a technique for deriving fundamental and 
singular solutions is also presented. 

To solve numerically the boundary integral equation, boundary Γ  is subdivided into N 
elements, within which the sought values are interpolated with the help of polynomial 
functions, using their nodal values. To introduce a boundary-value discretization, a 
regularized equation is used (Igumnov, 2015): 

( ) )(,0),(),,(),(),,(),(),,( 0 Γ∈=Γ−−∫
Γ

xdsytsyxUsxsyxTsysyxT iijiikiij υυ ,  (19) 

where Γ∈x  is called “observation point”, ijij TU ,  are matrices of fundamental and singular 

solutions, 0
ijT  is matrix of components containing singularities. In the process of 

discretization, the surface of the body is covered with a net of generalized quadrangular eight-
node elements, each of them being mapped onto a checking element in local coordinates 

2
21 ]1,1[),( −∈ξξ  according to relation 
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=      (20). 

In (20), ),( lhχ  is global number of the node, which has local number l in the h-th element, 

),( 21 ξξlN  are biquadratic form functions. To approximate generalized the boundary 
displacements, bilinear elements are used with the corresponding bilinear functions of the 
form ),( 21 ξξlR , whereas for the surface generalized forces constant boundary elements are 
used: 
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To obtain a discrete analogue of BIE (19), the collocation method is used. The nodes of the 
approximation of initial boundary functions are chosen as collocation nodes. As a result, the 
BIE generates a set of linear algebraic equations: 
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where J  is Jacobian of transformations of the local coordinates into the global ones. The 
construction of discrete analogues is reduced to the problem of numerical integration and, 
hence, to the choice of a quadrature formula and, if it is necessary, additional subdivision of 
the element into sub-elements, as well as to a technique for discovering singularities 
(Goldshteyn, 1978). When calculating irregular integrals, the boundary element is subdivided 
into two degenerate quadrangulars when the collocation point coinsides with the node of 
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interpolation of generalized boundary displacements, and when the collocation point is 
situated in the centre of the element it is subdivided into four ones. Then, in integrals with the 

r/1 -type singularity, this singularity disappears, whereas a singular integral with the 2/1 r -
type singularity can be directly calculated using quadrature formulas. Integral coefficients of 
discrete analogues of the BIE are calculated using Gauss quadrature formula. By solving the 
set of linear algebraic equations, the initial boundary-value problem in Laplace presentations 
is solved. The obtained solution has to be inverted from the Laplace representation space into 
the space of the original. 

 

A STEPPED SCHEME FOR NUMERICALLY INVERTING LAPLACE 
TRANSFORM 

The stepped method for numerically inverting Laplace transform is close in its formulation to 
the convolution quadrature method (Lubich, 1988), but, in contrast from it, is based on the 

operational calculus of integrating original )(tf  of representation )(ˆ sf : 

∫=
t

dfty
0

)()( ττ .      (26) 

Integral (27) is substituted for by a quadrature sum, in which the weighting factors are 

determined using Laplace representation f̂  and the linear multistep method, taking into 
account the results obtained in (Mansur, 1983), (Lubich, 1988), (Schanz, 2010): 
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where N is number of time steps, L is number of nodes for numerically integrating on 
argument φ . 

The approximation used in deriving formulas (27), (28), is based on using a linear multistep 
method with characteristic function 2223)( 2zzz +−=ϑ  for solving Cauchy problem 
arising in the process of transformation of integral (27) for the first-order differential 
equation: 

Ctsxtx
dt

d
+= )()( , .0)0( =x      (29) 

On condition that function )(sf  in equation (28) is calculated with certain inaccuracy ε , the 

choice of NL =  and ε=nR  allows for calculation inaccuracy nω  of the order of )( εΟ . 

 

NUMERICAL RESULTS 

The problem of the effect of end force 2/1)( мНtF =  on a 3m-long 1m-wide prismatic 
poroelastic body with a rigidly fixed end is considered. The boundary-value problem is 
presented in Fig.1. The parameters of the partially saturated porous material correspond to 
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those of sandstone (Li, 2011): λ = 27 /106 мН⋅ , µ = 29 /1044.1 мН⋅ , ϕ = 23.0 , sρ =
3/2650 мкг , wρ = 3/997 мкг , aρ = 3/10.1 мкг , sK = 210 /1055.3 мН⋅ , 

wK = 29 /1025.2 мН⋅ , 

aK = 25 /1010.1 мН⋅ , κ = 212105.2 м−⋅ , wη = 23 /100.1 мНс−⋅ , aη = 25 /108.1 мНс−⋅ , wS =0.9, 

rwS =0, raS =1, θ =1.5. 

 
 

Fig.1 -Geometry and boundary conditions of a partially saturated poroelastic column 

A boundary-element discretization consisting of 504 quadrangular elements (Fig.2) was used 
in the computations. The following parameter values were chosen for the stepped method: 

5105.1 −⋅=∆t , L=170, N= 170, R=0.997 to model the effect of excitation of the second slow 
longitudinal wave, the values of wκ and aκ were taken to be equal to )/(1000 3 Nsm . The 

observation point of dynamic response is situated in the center of the cross-section at a 
distance of 2.5m from the fixed end. The dynamic responses of water and air pore pressures 
are shown in Figs. 3-4. The boundary-element solution is compared with a numerical-
analytical solution of the effect of an axial force on a one-dimensional partially saturated 
poroelastic rod (Igumnov, 2016). 

 
Fig. 2 -Boundary-element mesh 

Two peaks are observed on the dynamic response of the water pore pressure (Fig. 3): the first 
one corresponds to the arrival of a fast longitudinal wave, while the second one corresponds 
to the arrival of a slow longitudinal wave. On the dynamic response of the air pore pressure, 
the arrival of the fast and the slow longitudinal waves is also manifested by two peaks (Fig. 
4), but at the time of the arrival of the slow wave the amplitude growth is observed. The third 
peak on the dynamic response of the air pore pressure corresponds to the arrival of the second 
slow longitudinal wave and is accompanied by a drop of the amplitude. The obtained result 
differs from the one given in (Li, 2011), where the effect of the excitation of a slow 
longitudinal wave is manifested by the amplitude growth on the responses of the air pore 
pressure. 

x

y

z
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Fig.3 Pore water pressure w

p  for different wκ  and aκ  
 

 
Fig. 4 - Pore water pressure a

p  for different wκ  and aκ  
 

CONCLUSION 

A mathematical model of a boundary-value problem of 3D dynamic poroelasticity using 
integral Laplace transform is presented. A partially saturated porous medium is described 
using Biot’s model with five basic functions. A stepped method for numerically inverting 
Laplace transform is presented. A boundary-element modeling methodology is described. The 
problem of the effect of a loading jump upon an end of a prismatic partially saturated 
poroelastic body is solved: the results of boundary-element modeling of the excitation effect 
of the second slow wave are presented. 
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ABSTRACT 

The present paper is dedicated to numerical solving of three dimensional boundary-value 
problems in poroviscoelastic formulation. The poroviscoelastic formulation is treated as a 
combination of Biot’s theory of poroelasticity and elastic-viscoelastic correspondence 
principle. Such viscoelastic models as Kelvin-Voigt, Standard linear solid and a model with 
weakly singular kernel are considered. Boundary element method (BEM) and boundary 
integral equation (BIE) method are applied to obtain Laplace domain solution of three-
dimensional boundary-value problem. Modified Durbin’s algorithm of numerical inversion of 
Laplace transform is used to perform solutions in time domain. A problem of a 
poroviscoelastic cube with a cavity subjected to a normal internal pressure is considered. The 
comparison of dynamic responses when poroviscoelastic material is described by different 
viscoelastic models is presented. Viscosity parameter influence on dynamic responses of 
displacements and pore pressure is studied. 

Keywords: poroviscoelasticity, poroelasticity, viscoelasticity, boundary element method 
(BEM), boundary integral equation (BIE). 

 

INTRODUCTION 

Wave propagation in dispersed media is a great interest of many disciplines. Mechanics of 
advanced materials, such as poro-, visco- or poroviscoelastic materials, is relevant to such 
disciplines as geophysics, geo- and biomechanics, seismology, physical chemistry, petroleum 
engineering etc. The implementation of the solid viscoelastic effects in the theory of 
poroelasticity was first introduced by M. Biot (Biot, 1956).  

The viscoelastic deformations in solid skeleton of poroelastic media may be accounted 
through the use of correspondence principle (Cristensen, 1974). M. Shanz (Shanz, 2001) 
presented an analytical solution in the Laplace domain and analytical time-domain solution 
without considering viscous coupling effect, and then governing equations was extended for 
saturated poroviscoelastic media by using the Kelvin-Voigt model and obtained an analytical 
solution in the Laplace domain for the 1D problem (Schanz & Cheng, 2001). 

Because the complexity of the inertial viscosity and mechanical coupling in porous media 
most transient response problems can only be solved via numerical methods. Classical 
formulations for BIE method with their discretized realization and traditional BEM are 
successful approaches for solving three-dimensional problem (Bazhenov, 2008). Extension of 
BIE method and BEM to anisotropic problems, and, problems where material models are 
different from elastic, needs development of special new schemes. Nowadays there are two 
fundamentally different approaches for constructing such numerical scheme: direct solving in 
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time domain (Nardini. 1982), or solving in Laplace or Fourier domain (Cruse, 1968). 
Unfortunately in three-dimensional case of poroelasticity it is not always possible to construct 
required fundamental solutions in time, considering porous materials it is only possible in 
Laplace or Fourier domain (Shanz, 2001).  

 

PROBLEM FORMULATION 

We consider a homogeneous solid Ω  in three-dimensional space 3R , and Ω∂=Γ  is the 
boundary of Ω . Solid Ω  is taken as isotropic poroviscoelastic. Basic poroelastic material is a 
two-phase material consisting of an elastic skeleton and compressible fluid or gas filler. 
Porous material of a volume V can be constructed as follows: 

sf VVV +=  

where V is the total volume, fV  is the summary pore volume and sV  is the volume of the 
skeleton. It is assumed that filler can openly seep through the pores and all closed pores are 
assumed as a part of the skeleton. Then a correspondence principle is applied to the skeleton, 
so we extend poroelastic formulation to poroviscoelasticity. 

Considering a boundary-value problem for Biot’s model of fully saturated poroelastic 
continuum in Laplace domain in terms of 4 unknowns (displacements iu  and pore pressure p

) the set of differential equations take the following form (Shanz, 2001): 
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where uΓ  and σΓ  denotes boundaries for boundary conditions of 1st and 2nd kind 
respectively, KG,  are elastic moduli, VV f /=φ  is porosity, aFi ,  are bulk body forces, 
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are constants reflecting interaction between skeleton and filler, κ  is permeability. Further,

fs φρφρρ +−= )1(  is a bulk density, fas ρρρ ,,  are solid, apparent mass density and filler 

density respectively, fs KK ,  are elastic bulk moduli of the skeleton and filler respectively. 

Apparent mass density fa Cφρρ =  was introduced by Biot to describe dynamic interaction 

between fluid and skeleton. C  is a factor depending on the pores geometry and excitation 
frequency. 

Poroviscoelastic solution is obtained from poroelastic solution by means of the elastic-
viscoelastic correspondence principle, applied to skeleton’s constants K and G in Laplace 
domain. Forms of functions )(sK  and )(sG  are depends on chosen viscoelastic model.  
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LAPLACE TRANSFORM INVERSION 

The poroviscoelastic solution in time domain is obtained with the help of the Laplace 
transform inversion. Modification of a Durbin’s algorithm (Durbin, 1974) is used for 
numerical inversion of Laplace transform. Suggest ωλ is +=  being a Laplace transform 
parameter, then:  
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Divide the integration interval [0, R] into small sub-spaces, and denote the nodes with lω  

)...2,1( ∞=l . Then, the integrals in (2) and (3) become (Zhao, 2004): 
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With respect to 01 =ω , 0 → ∞→llF and 0 → ∞→llG , the final form of (7) is: 
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Formulae have the same precision order as the trapezoidal rule, namely 2
max(∆O ). 

 

BOUNDARY ELEMENT APPROACH 

Integral representation and BIE with integral Laplace transform are used. Fundamental and 
singular solutions are considered in term of singularity isolation. Numerical scheme is based 
on the Green-Betti-Somigliana formula.  

Boundary-value problem (1) can be reduced to the boundary integral equation (BIE) system 
as follows (Bazhenov, 2008, Shanz, 2001): 
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where ( )sxU ,~ , ( )sxT ,~  - fundamental and singular solutions, ( )sxT ,~ 0  contains the isolated 
singularities. 

Boundary surface of our homogeneous solid is discretized by quadrangular and triangular 
elements and triangular elements are assumed as singular quadrangular elements. We use 

reference elements: square [ ]2
21 1 ,1),( −∈= ξξξ  and triangle ,10 21 ≤+≤ ξξ  0,0 21 ≥≥ ξξ , 

and each  boundary element is mapped to a reference one by the following formula: 
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where l - local node number in element k, ),( lkβ  - global node number, )(ξlN  - shape 
functions. Goldshteyn’s displacement-stress mixed model is performed. To discretize the 
boundary surface eight-node biquadratic quadrilateral elements are used, generalized 
displacements and tractions - are approximated by linear and constant shape functions, 
respectively.  

Subsequent applying of collocation method leads to the system of linear equations. As the 
collocation nodes we take the approximation nodes of boundary functions. For each 
homogeneous domain of the solid linear equations written in generalized displacements 
approximation nodes are as follows (Ugodchikov, 1986): 
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Linear equations written in generalized tractions approximation nodes take following form:  
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To boundary elements with no contact corresponds the first term in both equations, to satisfy 

the contact conditions between elements k  and k  - second one. 

Formulae to accounted coefficients A, B and D are: 
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where s is the parameter of Laplace transform. Gaussian quadrature are used to calculate 
integrals on regular elements. But if an element contains a singularity, algorithm of 
singularity avoiding or order reducing is applied (Igumnov, 2014). When singularity is 
excluded we use an adaptive integration algorithm. An appropriate order of Gaussian 
quadrature is chosen from primarily known necessary precision, if it is impossible, the 
element is subdivided to smaller elements recursively. 

 

NUMERICAL RESULTS 

A poroviscoelastic cube, with side lengths m,2=L  and containing a spherical cavity of 

radius m5.0=R  is considered (see Fig. 1). The cube is clamped at the face m13 −=x  and 

cavity is subjected to a normal internal pressure: 
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Poroelastic material parameters are: 29 /108 mNK ⋅= , 29 /106 mNG ⋅= , 3/2458 mkg=ρ , 

66.0=φ , 210 /106.3 mNK s ⋅= , 3/1000 mkgf =ρ , 29 /103.3 mNK f ⋅= , 

)/(109.1 410 sNmk ⋅⋅= −  (Berea sandstone). 

 
Fig. 1 - A cube containing a spherical cavity. 

 

The BEM mesh employed consists of 432 
boundary elements and 436 nodes. Fig. 2-7 
shows the transient response of the 
displacements )(3 tu  and pore pressure p in 

the center of upper face at the nodal point 
with the coordinates (0, 0, 1) m. For 
poroviscoelastic analysis, different 
viscoelastic models were considered. 
Viscosity parameter influence on dynamic 
responses is studied. 

xj
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1. Kelvin-Voigt model: 
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Parameters of Kelvin-Voigt model: =γ 1000, 100, 50 and 10. 

  
Fig. 2 - Displacements u3 in case of Kelvin-Voigt model 

 

  
Fig. 3 - Pore pressure p in case of Kelvin-Voigt model 
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2. Standard linear solid model: 
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Parameters of standard model: ,4=β  =γ 1000, 100, 1 and 0.1. 

 
Fig. 4 - Displacements u3 in case of standard linear solid model 

 
Fig. 5 - Pore pressure p in case of standard linear solid model 

0 0.5 1 1.5 2 2.5 3 3.5 4
x 10-3

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5 x 10-6

 t, s

 u
3
, 

m

 

 

poroelastic
γ = 1000
γ = 100
γ = 1
γ = 0.1

0 0.5 1 1.5 2 2.5 3 3.5 4
x 10

-3

-1.5

-1

-0.5

0

0.5

1

1.5

2 x 10
-4

 t, s

 p
, 

 N
/m

2

 

 

poroelastic
γ = 1000
γ = 100
γ = 1
γ = 0.1



Topic-A: Computational Mechanics 
 
 

-276- 

3. Model with weakly singular kernel: 
11 −+

= αhs

K
K , 

11 −+
= αhs

G
G   

Parameters of weakly singular model: 1.0=α , 0.5 and 0.9, h = 1, 2 and 4. 

 
Fig. 6 - Displacements u3 in case of model with weakly singular kernel 

 

 
Fig. 7 - Pore pressure p in case of model with weakly singular kernel 
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CONCLUSIONS 

A problem of an isotropic poroviscoelastic cube with a cavity subjected to the internal 
pressure is considered. Results of numerical experiments are employed. A Laplace domain 
BEM approach for the transient analysis of the three-dimensional linear poroviscoelastic 
solids based on the correspondence principle has been presented. The poroviscoelastic media 
modelling is based on Biot’s theory of fully saturated poroelastic material in combination 
with the elastic-viscoelastic corresponding principle. Kelvin-Voigt, standard linear solid and 
weakly singular models are considered as viscoelastic constitutive models. 

Boundary integral equations method and boundary element method are applied in order to 
solve three dimensional boundary-value problems. Regularized BIE system is considered. 
Mixed boundary elements are used to perform the spatial discretization. Modified  Durbin’s 
algorithm is applied to obtain solution in time domain. 

An influence of material viscosity on transient responses of displacements and pore pressure 
is presented. Obtained results for the transient response of the displacements show the effect 
of the transition from instantaneous to equilibrium viscoelastic moduli in case of the standard 
linear solid model, such effect was earlier demonstrated in (Igumnov, 2014).  
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ABSTRACT 

This paper presents the development and validation of a mathematical and numerical model 
that fully characterises the behaviour of a dry friction-type mechanical shock detector device 
that uses the displacement of a magnet to detect excessive accelerations. Modelling friction 
with a unary coefficient was found to have shortcomings and a more sophisticated approach 
to predict the effects of friction was developed using an adaptation of the Stribeck friction 
model. The numerical model was validated by producing a variety of excitation motions using 
a programmable actuator.  

Keywords: dry friction, stiction, Stribeck, nonlinear, numerical model. 

 

INTRODUCTION 

In order to minimise product damage during transportation, passive shock indicators are used 
to establish if excessive shocks have been experienced. One such device uses the deflection of 
a magnet that slides on a plastic base. Preliminary work showed significant variation in 
trigger threshold with pulse duration as well as some departure from the specified trigger 
threshold curves.  To enable further investigation and gain a better understanding toward 
designing more reliable devices, a mathematical model of the device was developed using a 
series of constitutive equations of motion that were then used in a numerical model to predict 
the displacement response of the free magnet due to a pre-determined excitation motion.  This 
involved the establishment of the device’s dynamic parameters by experimental means.  The 
numerical model was validated by comparing results from numerical predictions to those 
from physical experiments undertaken on a sample of the device. 

Validation experiments were carried-out with a programmable servo-hydraulic actuator 
controlled by a shock controller.  The motion of the free magnet relative to the device body 
was measured using a high-speed camera and specially-developed software to analyse the 
captured images. The measured free magnet displacement response was compared with that of 
the numerical model by feeding the shock function into the (Simulink®) differential equation 
solver. In the first instance, a series of experiments were carried out using the unary friction 
coefficient model which, for most cases showed some discrepancy between predicted and 
observed displacements.  The model was then altered to include an adaptation of the Stribeck 
friction model (Andersson et al, 2007) shown in (1) where ∆v is the relative velocity and Ff 

and FN the friction and formal forces respectively. 

( )exp ( )f s N

t

v
F sign v F

v
µ µ µ

  ∆ = + − ∆      
    (1) 
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The main aim of the validation experiments was to establish the accuracy of the mathematical 
model and to determine the values of the Stribeck break-out friction coefficient, µs, and the 
velocity threshold, vt.  

 

RESULTS AND CONCLUSIONS 

The response of the free magnet due to a series of half-sine pulses of varying durations and 
amplitudes were evaluated with typical results shown in Figure 1 which reveals good 
agreement with measured values and a significant improvement on the unary friction model. 

 
Fig. 1 - Free magnet response to 30 ms half-sine pulse of  25 m/s2 (left)  and 15 m/s2 (right). 

 Overall, the results reveal good agreement between the numerical model (Stribeck friction) 
and observed response.  It is clear that the unary friction model is too simplistic to accurately 
represent the complex interaction between the surface of the magnet and that of the moulded 
plastic body especially at low relative velocity when stiction-like motion can occur. The 
tribology of such devices has, inherently, an element of volatility related to temperature and 
spatial variations over the surface of the device that is made of moulded plastic. Furthermore, 
the complex magnetic fields that exist between the two magnets may apply a torque to the 
free magnet as it moves away from its home position thus affecting the way it makes contact 
with the device’s body.  This, it is expected, contributes to the limitations of the current 
model.  The majority of the discrepancies between observed and measured values occur when 
the relative velocity of the magnet is small corresponding to the initial, non-linear portion of 
the Stribek friction curve. It must, however, be pointed out that the model is reasonably 
accurate for predicting the downward motion of the free magnet for a range of shock pulse 
types and durations and is therefore useful in predicting whether the device will trigger given 
a particular excitation.  These results show that the model can be used to enable further 
investigation into the behaviour of the device (namely its trigger threshold) when subjected 
shock excitation of varying duration and of more complex shapes (as is often the case in real-
life impacts) without having to perform difficult and time-consuming experiments. 
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ABSTRACT 

The isothermal oxidation behavior of Ti-25V-15Cr-0.2Si (Ti40) at the temperature from 
500ºC to 1500ºC was investigated. The results indicated that when the oxidation temperature 
is below the melting point of V2O5, the surfaces of specimens show integrity and dense 
oxidation scale and which mainly consists of V2O5 and TiO2. When the oxidation temperature 
exceeds the melting point of V2O5, the melting and evaporation of V2O5 lead to the loose 
porous morphology of oxide scale, and there is an enrichment zone of element V and Cr at the 
interface between the oxide scale and the matrix alloy. When the oxidation temperature 
exceeds 1000ºC, oxide scale start to peel off and the sub-surface will turn into the 
oxidation surface. Under this condition the oxidation scale consists of Cr2O3 and TiO2, which 
show better densification and barrier effect for diffusion of O form oxidation surface to 
matrix. 

Keywords: Ti40 alloy, oxidation, super-high temperature. 

 

INTRODUCTION 

Excellent mechanical properties combined with low density make titanium alloy attractive 
structural materials for aerospace applications. However, when titanium alloy combines with 
oxygen it creates a strong exothermic reaction. There have been numerous examples of 
titanium fires in jet engines over the past 20 years. Therefore, significant engine design 
changes need to be made to minimize the risk of titanium fire. Among these measures the 
identifying alloy compositions that are less susceptible to burning was thought a prospective 
method to avoid titanium fire. Over the past twenty years, several significant efforts have 
been devoted to development of so-called burn resistant titanium alloys. These alloys are all 
belong to Ti-V-Cr system burn resistant titanium alloy which include Alloy C (Ti-35V-15Cr) 
developed by Pratt and Whitney in USA (Hansen, 1996), BurTi (Ti-25V-15Cr-2Al-0.2C) 
developed by IRC in UK (Li, 1998) and Ti40(Ti-25V-15Cr-0.2Si) by Northwest Institute for 
Nonferrous Metal Research (NIN) in China (Zhao, 1999). These three alloys all show good 
burn resistance. 

In principle, the ignition process of titanium alloy can be analyzed from the following steps. 
Firstly, the alloy undergoes the oxidation behavior at high and ultra-high temperature. During 
this process the heat accumulates at oxidation reactive foreland. When the aggregation of heat 
exceeds the ignition point of the titanium alloy, the alloy starts combustion (Borisova, 1993). 
Accordingly, the research on oxidation behavior of the titanium alloy is very important for the 
burn resistant character. However, the existing researchers on oxidation behavior of titanium 
alloy mainly focused on the influence of oxidation behavior on mechanical properties. 
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Oxidation behavior of titanium alloy is required to ensure safe and long-term operation of 
component under environmental temperatures. The experimental temperature was limited to 
the critical temperature level for different species titanium alloy in service. For this reason, 
there is little information on oxidation and corrosion behavior of the alloy at ultra-high 
temperature. Therefore, the investigations on oxidation behavior of titanium alloy at extreme 
high temperature are very significative for comprehension of burn-resistant titanium alloy. 

 

MATERIALS AND METHODS 

Ti40 alloy used in this study was manufactured in Northwest Institute for Nonferrous Metal 
Research (NIN) with the nominal composition of Ti-25V-15Cr-0.2Si (wt%). Oxidation blank 
specimens were cut from the Ti40 bar with a size of 10 mm×10 mm×10 mm. The surface of 
the specimens was abraded to 1000 # SiC paper and following to polishing cloth. Then, all 
specimens were degreased in acetone using ultrasonic cleaned equipment for about 15 min. The 
specimens were put into the crucible. The isothermal oxidation experiment were carried out on 
muffle furnace at temperature range of 500 ℃～ ℃1500  in static air for various times. The 
crucibles containing the specimens were regularly removed at a certain times, air cooled. The 
specific exposure temperature and exposure time of the crucibles were shown in Tab.1. The 
surface morphologies and cross-sectional microstructure of specimens were observed by an S-
2700 scanning electron microscopy (SEM) equipped with energy dispersive spectrometry 
(EDS). The phases of oxidation surface for the specimens at different temperature for 
different times were tested by a D/Max-2400 X-ray diffractometer with Cu Kα radiation.  

Table 1 - Oxidation temperature and times 

Temperature/  Oxidation exposure time 
500 10h                 20h                40h                     80h                           120h 
550 10h                 20h                40h                     80h                           120h 
600 10h                 20h                40h                     80h                           120h 
700  10h20h                 40h                          80h 
800            10h                  20h                 40h                          80h 
900 1h                   5h                  10h                    20h                            60h 

1000 0.5h                1h                   2h                     5h                              10h 
1050 10min 30in 1h 2h 5h 10h 
1100 10min 30in 1h 2h 5h 10h 
1150 5min 10min 30min 1h 2h 
1200 5min 10min 30min 1h 2h 
1300 1min 2min 5min 15min 
1400 5min 
1500 5min 

 

RESULTS ANDDISCUSSION 

OXIDATION BEHAVIOR FROM 500ºC TO 700ºC 

Fig. 1(a) shows the XRD patterns for the specimen surface exposed below 700ºC, which 
indicatesthe oxide surface mainly consists of V2O5 and TiO2. Fig.1 (b) shows the surface 
morphology for the specimen exposed at 600ºC for 120h, which represents the typical surface 
morphology for the specimen exposed below 700ºC. From Fig.1 (b) it can be found that the 
large number of visible dendritic oxide can be found, which shows the morphology of outward-
projecting growth. The combination analysis of EDS  and XRD (as shown in Fig. 1 a) proved 
that the dendritic oxide is V2O5. The special growth morphology of oxide surface indicates that 
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V2O5 grow preferentially from themixed oxide film of V2O5 and TiO2 with the rise of oxidation 
temperature. It also suggests that element V diffuses from the matrix alloy to the oxide surface 
and the oxide layer of V2O5 responds as the diffusion channel. The outward-diffusing element 
V reacts with oxygen at the surface of V2O5, which leads to the accumulation of new V2O5 
oxide on the original surface layers. 

 

 

Fig. 1 - XRD patterns of oxidation surface for Ti40 alloy exposed at 500ºC, 550ºC, 600ºC for 120h(a) and oxidation 
surface morphology for specimen exposed at 600ºC for 120h (b) 

 

OXIDATION BEHAVIOR FROM 700ºC TO 1000ºC 

When the oxidation temperature is above 700ºC, theXRD patterns of oxidation surfacewas 
shown in Fig.2 (a). With the increasing oxidation temperature, the diffraction peaks of V2O5 
are gradually disappearing and the diffraction peaks of V2O5 completely vanish for the alloy 
oxidation exposure above 800ºC. The oxidation surface film only mainly consists of TiO2. 
Fig.2 (b) shows the morphology of the specimen oxidation exposure at 800ºC for 80h, which 
represent the typical surface morphology for the specimen exposed above 700º The 
vanishment of V2O5form the mixture oxidation film of TiO2 and V2O5is mainly resulting from 
the low-melting oxide of V2O5. The melting point of V2O5 is about 680ºC. When the oxidation 
temperature exceeds 700ºC, the V2O5 in mixed oxide layer melts and evaporates which leads to 
the loose porous morphology ofoxide surface as shown in Fig. 2 (b). 

Fig.3 (a) shows cross-section morphologies and oxide layer thickness of alloy after oxidation 
exposure at 900ºC for 20h. Because of loose porous morphology, oxide film lost its barrier 
effect on diffusion of O element from surface to matrix. Therefore, Ti40 alloy shows very big 
thickness of oxidation scale. However, in comparison to other titanium alloys, the oxide scale of 
Ti40 alloy keeps integrity and no desquamation when the oxidation temperature is below 
1000ºC, which is mainly resulting from the weakness internal stress of oxide scale for loose 
porous oxide scale structure. Fig.6 (b) shows the composition profiles of Ti, V, Cr, Oat the 
both sides of the interface between oxidation layer and matrix for the specimen exposed at 
800ºC for 80h. With the extension of distance from oxide surface to matrix, the content of Ti, 
V, Cr gradually increases and the O content gradually decreases. However, a very important 
phenomenon should be pointed out that there is a mixed enrichment zone of elements V and 
Cr at the interface between oxide scale and matrix. When the extension distance exceeds the 
position of interface from the oxide surface, the content of O element sharply decreases to the 
same level of matrix, which indicates that the mixed enrichment zone has the barrier effect on 
the diffusion of O element. 

(a) (b) 
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Fig. 3 - XRD patterns of oxidation surface for the alloy exposed at700ºC/ 80 h, 800ºC/80 h, 900ºC/60 h, 1000ºC/10 
h(a) and oxidation surface morphology for specimen exposed at 800ºC for 80h (b) 

 

 

 
Fig. 4 - Cross-section morphologies (a) and composition profiles of Ti, V, Cr, O at the both sides of interface on 

the cross-section (b) for the alloy oxidized at 800ºC for 80h 

 

OXIDATION BEHAVIOR FROM 1000ºC TO 1500ºC 

When the oxidation temperature is above 1000ºC, with the increasing exposure time, oxide 
scale is gradually peeling off. Fig.5 shows specimen surface morphology for no desquamation 
(1200ºC/30min) (a) and desquamation (1200ºC/2h) (b) of oxide scale.After totally 
desquamation of oxide scale, the surface of specimen shows compact morphology and no 
holes and loose as shown in Fig.5(b). Fig.6 shows the XRD patterns of the surface before 
(Fig.6 a) and after (Fig.6 b) desquamation of oxide scaleat different temperature. It can be 
found that the oxide scale mainly consists of TiO2 before desquamation and TiO2 and Cr2O3 
mixture after desquamation of oxidation surface. The correlated researches have indicated that 
the precondition for forming protection Cr2O3 oxide scale requires a critical value of Cr content 
(Samimi, 2015). Ti-Cr binary alloy with 19wt.% Cr content still cannot form the protection 
Cr2O3 oxide scale (Chaze, 1982). Thus Ti40 alloy has not formed the oxide scale of Cr2O3at 
oxidation surface during oxidation process. However, the mixedenrichment zone of elements V 

(a) (b) 

Oxidation 

layer 
Matri

x 

(a) 
(b) 
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and Cr at the interface between oxide scale and matrix provide the formation requirement of 
Cr2O3. Therefore, when the surface oxide scale peel off, the enrichment zone of elements V 
and Cr will transform to oxide surface and form the mixture of TiO2 and Cr2O3. The Cr2O3 is 
a stable oxide film with good protect effect as same as Al2O3, thus the new mixed oxide film 
of TiO2 and Cr2O3shows a better sticky ability with matrixand prevent further oxidization as 
shown Fig.5 (b).  

 

  
Fig. 5 - Surface morphology for no desquamation (1200ºC/30min) (a) and desquamation 

(1200ºC/2h) (b) of oxide scale 

 

 

  
Fig. 6 - XRD patterns of the surface before (a) and after (b) desquamation of oxide scale 

 

CONCLUSIONS 

For Ti40 alloy, when the oxidation temperature is from 500ºC to 700ºC, the oxidation scale 
mainly consists of V2O5 and TiO2, the V2O5 of mixed oxide scale preferentially grows and 
shows dendritic morphology. The special morphology of V2O5 at the surface of specimens is 
mainly resulting from the orientation diffusion of element V along V2O5. When the oxidation 
temperature exceeds 700ºC, the melting and evaporation of V2O5 lead to the loose porous 
morphology of oxide scale. There is an enrichment zone of elements V and Cr at the interface 
between oxide scale and matrix. When oxidation temperature is above 1000ºC, because of the 
desquamation of oxide scale, the enrichment zone of elements V and Cr transformed to oxide 
surface and form the mixture of TiO2 and Cr2O3. The new oxide surface shows better sticky 
ability with matrix. 

(a) (b) 

(a) (b) 
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ABSTRACT 

In this work, tension and torsion properties of Ti-5Al-5Mo-5V-3Cr-1Zr (Ti-55531) alloy with 
lamellar microstructure (LM) and bimodal microstructure (BM) were studied at room 
temperature.LM and BM of Ti-55531 alloy were characterized using transmission electron 
microscopy, scanning electron microscopy and image analysis software. The deformation 
mechanisms of LM and BM were systematically investigated by observing dislocation 
structures of the plastic deformation region. Fracture mechanisms of the alloy were analysed 
by carefully observing fracture surface and cross sectional microstructure.  

Keywords  Ti-55531 alloy, microstructure, loading type, deformation, fracture mechanism. 

 

INTRODUCTION 

There are some complex fracture behaviors associated with manufacture components used in 
the aircraft. These fracture behaviors are due to the complex stress condition of components 
(Xiang, 2015). As important structural components of the aircraft, they are often sustained 
multiple stresses including torsional shear stress, tensile stress and even both of them. 
Loading types greatly affect mechanical properties of the materials (Pun, 2014). For instance, 
Ti-55531 alloy with same microstructure exhibits different deformation and fracture 
behaviors under tension and torsion loading, respectively (Huang, 2016).In addition, different 
mechanical properties are also owing to different microstructure of the alloy (Cryderman, 
2011). For the case of Ti-55531 alloy with different microstructure (LM and BM) under same 
loading (tensile loading) also displays different mechanical properties (Huang, 2017, 693). 

 

MATERIALS AND METHODS 

The LM (Fig.1a) and BM (Fig.1b) of Ti-55531 alloy after heat treatments are shown in Fig.1. 
The details of heat treatments are displayed the reference (Huang, 2017,693). After heat 
treatments, the samples were machined to tensile and torsion specimens, respectively. 
Cylindrical tensile specimens with a diameter of 5 mm and gage length of 25 mm were 
machined after heat treatments. The dimensions of torsion specimens were a center diameter 
of 8 mm and gauge length of 40 mm. Tensile tests were performed on an INSTRON 5975 
Testing Machine using appropriate static extensometer at room temperature (≈25º C) with an 
initial strain rate of 10-3 s-1(Huang, 2017,693).Torsion tests were operated on a SNP-
1000Torsion Testing Machine at ambient temperature with a rotating speed of 60 rounds per 
minute (Huang, 2017, 682).At least three specimens of LM and BM were performed to 
confirm the validity of tensile or torsion test results. The loading and torsional angles data 



Topic-B: Experimental Mechanics 
 
 

-290- 

from extensometer were continuously recorded throughout the testing process. The tensile 
stress-elongation curve or the torque (T)-angles (θ) curve were described through the stored 
data. The shear stress (τ)-strain (γ) curve was converted from the torque-angles curve (Huang, 
2017, 682). 

After tensile or torsion test, fracture surface of specimens and their cross sectional 
microstructures were carefully observed by scanning electronic microscopy (SEM), to analyse 
fracture mechanisms of the alloy. The dislocation structures of the plastic deformation region 
of specimens were also analyzed by transmission electronic microscopy(TEM),to investigate 
deformation mechanisms of LM and BM. 

 
Fig. 1 - Microstructure of Ti-55531 alloy after heat treatments: (a) LM; (b) BM 

 

RESULTS AND DISCUSSION 

Mechanical properties 

Fig. 2 shows engineering tensile stress-strain curves of Ti-55531 alloy with LM and BM at 
room temperature. It can be found that the tensile strength of BM is much more than that of 
LM, whereas the ductility of BM is slightly lower than that of LM.  
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Fig. 2 - Engineering stress-strain curves of Ti-55531 alloy with LM and BM (Huang, 2017, 693). 

Fig. 3 displays Torsion stress (Torque)-shear stain (angles) curves of LM and BM. Both 
torsion strength and plasticity of LM is higher than those of BM. From the results of Fig. 2 
and Fig. 3, it seems that microstructure have a great influence on mechanical properties of Ti-
55531 alloy. 

The details of tension and torsion properties of Ti-55531 alloy with LM and BM at room 
temperature are shown in Table. 1. Tensile properties of both LM and BM are larger than 
their torsion properties. This phenomenon suggests that mechanical properties of the alloy 
also greatly affected by the loading type. 

(b) (a) 
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Fig. 3 - Torsion stress (Torque)-shear stain (angles) curves of LM andBM 

 

Table 1 -Tensile and torsion properties of Ti-55531 alloy with LM and BMat room temperature. 

Loading 
type 

Microstructure 
Maximum 

torqueTm/N.m 

Yield 
torque,0.3% 

T0.3/N.m 

Maximum 
twist angles 
θ/degrees 

Maximum 
stress /MPa 

Yield 
stress 
/MPa 

Maximum 
strain / % 

Tensile 
LM - - - 1200 1118 10.5 
BM - - - 1293 1248 8.3 

 Torsion 
LM 117.32 110.58 48.99 1167 1100 8.13 
BM 101.37 94.83 45.39 1008 943 7.92 

 
Tension and Torsion Deformation Behaviors 

To understand the influence of different microstructure or loading type on mechanical 
properties of the alloy, the dislocation structures of tensile samples were carefully analyzed by 
TEM.  

Fig. 4 displays tensile deformation characteristics of the alloy with different microstructure. 
As shown in Fig.4, the tension deformation of LM is mainly affected by slip (Fig. 4a) and 
twinning (Fig. 4b) of coarsening αs lamellae. However, the tension deformation of BM is 
primarily impacted by slip of globular αp phase (Fig. 4c)and acicular αs (Fig. 4d). It suggests 
that the twinning of αs is limited by its size. Furthermore, twinning seems to be helpful to 
slightly improve the ductility during the deformation of LM, which results in the plasticity of 
LM is slightly higher than that of BM, as indicated in Fig. 2 and Table. 1. This is because 
twinning could stimulate dislocation generation and increase ductility of LM(Tobe, 2014). 

Fig. 5 indicates torsion deformation characteristics of the alloy with LM (Figs. 5a and 5b) and 
BM (Figs. 5c and 5d). As shown in Fig. 5, the torsion deformation of LM is mainly controlled 
by slip (Figs. 5a and 5b) of coarsening αs lamellae. However, the torsion deformation of BM 
is primarily impacted by slip of equiaxed αp phase (Fig. 5c) and acicular αs phase (Fig. 5d). 

From the results of Fig. 4 and Fig. 5, it can be concluded that both microstructure and loading 
type produce a great influence on deformation behaviors of Ti-55531 alloy. Coarseningαsof 
LM could occur twinning deformation for tensile deformation but not for torsion deformation. 
Fine globular αp and acicular αs of BM could not produce twinning deformation during both 
tensile and torsion deformation. This is why the size of phases strongly affects the formation 
of twins. With the increase of size of phases, the deformation mechanism of the phase 
changes from slip to twinning (Sun, 2004). The sizes of globular αp and acicular αs of BM are 
so small that they could not twin during both tension and torsion deformation.  
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Fig. 4 - Dislocation structures of samples after tensile deformation: (a) dislocation tangles in αs 
lamellae of LM, (b) twins in αs lamella of LM; (c) prismatic slip lines in globular αpof BM, (d) 

dislocation tangles in acicular αs of BM. 
 

Fig. 5 - Dislocation structures of samples after torsion deformation: (a) dislocation tangles in αs 
lamellae of LM, (b) twins in αs lamella of LM; (c) prismatic slip lines in globular αp of BM, (d) 

dislocation tangles in acicular αs of BM. 

(a) (b) 

Twins 

(d) (c) 

(d) (c) 

(b) (a) 
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TENSION AND TORSION FRCTURE BEHAVIORS 

In order to understand the effect of loading type and microstructure on fracture mechanisms 
and mechanical performance of Ti-55531 alloy, fractograph and cross sectional 
microstructures of tensile and torsion samples with LM and BM were thoroughly analyzed. 

Fig. 6 shows fractograph of specimens with LM and BM after tensile deformation. There are 
some facts and intergranular micro cracks on the surface of fracture for LM sample (Fig. 6a). 
Therefore, LM tensile fractured sample shows a mixture fracture mode including micro void 
coalescence, transgranular cleavage and intergranular fracture mechanisms. As shown in 
Fig.6b, some dimples and micro cracks can be found on the surface of BM tensile fractured 
sample. Thus, BM sample mainly displays fracture mechanism of micro void coalescence 
during tensile loading. However, the size of dimples of BM fractured sample is smaller and 
lighter than that of LM, which results in the ductility of LM is slightly higher than that of BM. 
The details of discussion were indicated in the reference (Huang, 2017, 693). 

 
Fig. 6 - Fractograph of samples after tensile deformation: (a)intergranular micro-cracks and 

dimples of LM; (b) dimples and micro-cracks of BM. 
 

Fig.7 indicates fractograph images of LM and BM torsion fractured samples. Figs.7a,b show 
the morphology of LM fractured sample during torsion loading. Figs.7c,d show the fractured 
features of BM torsion samples. From the low magnification of torsion fracture (Figs. 7a and 
7c), many different features can be found during torsion deformation, which are different with 
tensile fractured features. Generally, the final fracture region of samples located at surface or 
subsurface of samples during tensile loading. Whereas, the main crack initiation and earlier 
growth of the crack occurred in the surface and subsurface region, due to the increase of shear 
stress from the center to surface of specimens during torsion loading. With the increase of 
torsional deformation, crack from surface gradually expands to the center of samples. Thus, 
the final fracture region of specimens lied at center or near the center of samples during 
torsion loading, as shown in Figs. 7a and 7c. This is because the stress conditions of samples 
during tensile or torsion loading are so different. Samples are mainly controlled by the normal 
stress under tensile loading. However, specimens are primarily controlled by the shear stress 
under torsion loading. 

Furthermore, microstructure also affects the fractured features of the alloy during torsion 
deformation. Both LM and BM samples show some shear elongated dimples on surface of 
fracture, as shown in Figs. 7b and 7d. However, the sizes of dimples for LM and BM are 
different.  In addition, the center zone of fracture for LM shows some tearing ridges, however, 
the center zone of fracture for BM displays some dimples and micro cracks. 

(b) (a) 



Topic-B: Experimental Mechanics 
 
 

-294- 

From the results of Fig.7, fractographs of LM and BM torsion samples indicated a mixture 
fracture mode of micro void coalescence and transgranular shear fracture mechanism. 
Furthermore, BM samples present intergranular fracture mechanism. LM specimens show 
more ductile fracture features than that of BM specimens. Therefore, BM is easier to be 
damaged than LM under torsion loading. 

  

  

Fig. 7 - Fractograph of samples after torsion deformation: (a) macro image of LM fractured 
sample;(b) tearing ridges and dimples of LM; (c) macro image of BM fractured sample, (d) 

dimples and microcracks of BM. 

Fig. 8 shows the cross sectional microstructures of BM samples during tensile (Fig. 8a) and 
torsion deformation (Fig. 8b). As shown in Fig.8, it seems that the same microstructure could 
display different deformation and fracture behaviors under different loading type. The 
globular αp phase could be elongated under both tensile and torsion loading. However, the 
elongated directions of αpare so different under between tensile and torsion loading. The 
elongated direction of αp is parallel to the direction of stress axis or normal stress during 
tensile deformation. Whereas, the elongated direction of αp is perpendicular to the direction of 
stress axis or parallel to the shear stress direction. Furthermore, the maximum strains of αp are 
also different under between tensile and torsion loading. The maximum strains of αp is about 
60% during tensile deformation, while that is about 80% during torsion deformation. Namely, 
the maximum strains of BM under tensile loading is about 75% strains of sample under 
torsion loading. In addition, the depths of severe deformed zone near crack front path are also 
different under different loading. The depth of severe deformed zone near crack front path is 
about 30µm under tensile loading, while that of sample under torsion loading is just 6µm. 
Therefore, the stress concentration zone of torsion samples is much smaller than that of 
tensile samples. This phenomenon results in the degree of stress concentration of torsion 
samples is much higher than that of tensile sample. Thus, the alloy can be easier dameged 
under torsion loading than under tensile loading. 

(a) (b) 

(c) (d) 
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Fig. 8 - Cross sectional microstructures of BM specimens: (a) after tensile deformation, (b) after 
torsion deformation(Huang, 2017, 682). 

 

CONCLUSIONS 

This study indicates that there are substantial differences on the mechanical properties of Ti-
55531 alloy with different microstructure under differentsingle-axial loading. Further tests 
should be carried out to analyze the mechanical properties of the alloy under other conditions, 
such as biaxial or multiaxial loading condition. 
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ABSTRACT 

Full-scale experimental investigations into the residual strength of structurally similar 
elements of acoustical panels after a local repair of defects, such as through breakdown, were 
conducted. The technology of repair consists in removing and layer-by-layer replacing the 
damaged layers of material with repaired ones. For comparison, undamaged and repaired 
sandwich panel specimens were tested in tension and compression. The specimens were 
produced by serial technology from a VPS-33 fiberglass prepreg. Their deformation and 
fracture mechanisms are analyzed, and their loading diagrams are obtained. 

Keywords: experimental mechanics, tension/compression tests, infrared thermography. 

 

INTRODUCTION 

At present, composite materials are being widely introduced into aircraft structures - parts and 
units of airframes and aviation gas turbine power plants. The composite parts of aircraft 
engines, as a rule, have a rather complex reinforcement scheme, including several layers of a 
(honeycomb, tubular, or cellular) filler, imbedded elements, composite flanges, etc. During 
their operation in the structure of a propulsion unit, various defects, including those caused by 
casual mechanical actions, inevitably arise. 

The defects can be of surface type, such as scratches, cuts, and damages of one or several 
surface layers, but they can also have the form of nonthrough or through breakdowns of the 
wall of a structural element. In this case, it is difficult to evaluate the serviceability of the 
structure with a defect (or several defects); to solve this problem, the whole complex of 
investigations have to be carried out, namely it is necessary to examine the effect of the size 
of a defect on the serviceability of the structure and to determine its allowable size, to choose 
the way of its healing (repair of the structure), and to estimate the residual strength and the 
service life of the defected structure. 

The research is devoted to the experimental investigation of the defects influence on the 
residual strength of composites structure, as well as the possibility of using local repair 
operations. The objects of research are structurally similar elements of acoustical sandwich 
panels after a local repair of defects, such as through breakdown. 

The specimens were produced by serial technology from a fiberglass prepreg. Research was 
carried out on a universal electromechanical system Instron 5982 and servo-hydraulic system 
Instron 8801. For analysis the internal geometry of the specimen and to assess the possible 
defect inspection was used infrared thermal imaging system FLIR SC7000 (Lobanov, 2015).  
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RESULTS AND CONCLUSIONS 

The techniques of joint using testing and measuring systems under static (Zuiko, 2012; 
Lobanov, 2015) and cyclic tests were offered. For comparison, repaired sandwich panel 
specimens were tested in tension and in tension with preliminary cyclic loading with the 
registration of the thermal images. By using infrared thermal imaging system were detected 
internal structure (fig. 1), processes of the defects development, and the temperature 
distribution on the surface of the test specimen. 

 

         
(a)     (b) 

Fig. 1 -  Termogramme of composite panel with a local repair area of defects, before (a) and after (b) loading 
 

In the present study, the possibility of local repair of defects arising during operation of 
typical elements in composite structures of aircraft gas turbine plants is considered. 
Experimental investigations for evaluating the statistical residual strength were performed on 
composite panel specimens in tension and compression. At the given stage, we should 
mention that additional tension tests are necessary to estimate the effect of statistical 
straggling, to evaluate the influence of the size of a defect on the serviceability of a structure, 
and to determine the allowable size of the defect. Topical remains the problem of additional 
investigations to evaluate the influence of environmental factors, cyclic loadings, and 
deviations in the repair technology on the healed zones of composite structures of aircraft. 
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ABSTRACT 

In this paper to predict the thermal ratcheting, kinematic hardening parameters C, γ, isotropic 
hardening parameters and also k, b, Q combined isotropic/kinematic hardening parameters 
have been obtained experimentally from the monotonic, Strain controlled condition and cyclic 
tests at room and elevated temperatures 200C, 1000C and 4000C. These parameters are used in 
nonlinear combined isotropic/kinematic hardening model to predict better description of 
loading and reloading cycles in cyclic indentation as well as thermal ratcheting. After each 
test and using stable hysteretic cycles, material parameters have been obtained for using in 
combined nonlinear isotropic/kinematic hardening models. Also the methodology of 
obtaining the correct kinematic/isotropic hardening parameters is presented in the article. 

Keywords: thermal ratcheting, isotropic hardening, kinematic hardening, aluminum. 
 

INTRODUCTION 

The literature review shows that accurate closed form solutions may not be found to analyses 
the ratcheting behavior of the aluminum alloys under cyclic thermal loading. However, 
approximate solutions have been developed by Wada et al., Bree and other researchers which 
can be used to calculate the induced incremental plastic strains caused by ratcheting. The 
evaluation procedures of thermal ratcheting in the present thermal ratcheting design of ASME 
rules shows that the primary stresses play an important role, so that they do not cover the case 
of ratcheting under pure or dominant thermal cyclic loads.  

The ratcheting occurs under the prescribed asymmetrical cyclic stressing for materials, and 
ratcheting strain increases progressively cycle by cycle. However, the materials do display 
some differences in ratcheting behavior. When the nonlinear isotropic/kinematic hardening 
model is used, the center of the yield surface moves in stress space due to the kinematic 
hardening component and the yield surface range may expand due to the isotropic component. 
These features allow modeling of inelastic deformation in metals that are subjected to cycles 
of load or temperature, resulting in significant inelastic deformation and, possibly, low cycle 
fatigue failure. The nonlinear isotropic/kinematic hardening model can provide more accurate 
results in many cases involving cyclic loading. Use of this model requires the hardening 
parameters. In this work material parameters are determined experimentally at room (200C) 
and elevated, 1000C and 4000C. 
 
RESULTS AND CONCLUSIONS 

A typical Curve-fit data to calculate combined hardening parameters calibration for aluminum 
7075-T6 are shown in Fig 1. The values of hardening constants for the same type of material 
are given in Table 1. 
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Table 1 - Values of hardening constants for aluminum 7075-T6 

Material Experiment T(0C) C(MPa) γ  Q(MPa) b 

Aluminum 
7075-T6 

Stabilized 
cycles 

20 5324 31.06 137.6 6.82 
100 6226 73.9 134.5 7.379 
400 1768 28.68 164.5 9.56 

 

 

 
Fig. 1 - A typical Curve-fit data for obtain kinematic hardening parameters for the 

aluminum 7075-T6 at 1000C 
 

The information in this study may serve as a starting point for researchers wishes to use 
combined hardening model to predict the ratcheting. Using nonlinear isotropic/kinematic 
(combined) hardening model to predict the ratcheting behavior is more accurate results. For 
using this model to predict thermal ratcheting, stress-strain data and kinematic hardening 
parameters C, γ and also isotropic hardening parameters k, b, Q have been obtained for 
aluminum 7075-T6 from the monotonic and cyclic tests at 200C, 1000C and 4000C and strain 
controlled condition experimentally. Also the methodology of obtaining the correct 
kinematic/isotropic hardening parameters is presented in this work. 
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ABSTRACT 

A matter of interest in development of empiric constitutive material laws, especially in terms 
of yielding, is the knowledge of the material behavior up to large deformation at different 
strain rates. The compression test seems to be appropriate method for gaining data up to large 
grades of deformation. However, the gained measurement data does not allow the exact 
reading of material models for direct use in numerical analyses. Reasons for deviations are 
influences such as friction which leads to boundary constraints and thus to a multiaxial stress 
state at increasing deformation. This article proposes a method to compute the actual stress in 
the dynamic compression test taking the friction into account. The method is based on finite 
element analyses and experimental data. The experimental data are gained from dynamic 
compression tests at different strain rate levels using mild steel.   

Keywords: material characterization, compression test, strain rate, advanced material testing. 

 

INTRODUCTION 

For numerical simulation of sheet metal in e.g. simulation of crash worthiness of automotive 
structures, an appropriate constitutive model that properly describes material behavior at large 
strain and different strain rate levels is needed. Figure 1 shows a schematic illustration of 
strain rate levels occurring at crash load. 

 

 
 

Fig. 1 - Schematic illustration of strain rate levels occurring during crash in automotive 
(H.Werner,2002) 

 
An increasing number of existing material models, operating with different parameters, make 
enhancements on material testing necessary in order to provide material parameters like strain 
rate dependent flow curve, strain rate sensitivity and more. Especially for gaining 
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experimental data up to high levels of strain and strain rate, the dynamic compression test 
seems to be an appropriate method. To gain experimental data for yield curve analysis, 
compression tests with a novel mechanical cam test rig providing constant logarithmic strain 
rate, have been performed (M. Grillenberger, 2016). The present research work is aimed at 
revealing the yielding and hardening characterization of sheet metal at different strain rate 
levels at compression load. In the first part of this contribution, we present new experimental 
data of stress strain curves extracted out of the compression test of mild steel at four different 
strain rate levels. The second part is dealing with fitting the experimental data using a selected 
constitutive material model. The found model parameters were further used in finite element 
method (FEM) simulation in order to validate the experimental data especially in terms of 
friction.  
 

EXPERIMENTAL OBSERVATION 

Experimental Procedures 

A type of mild steel was tested. The specimen geometry was cylindrical with initial height of 
1.19mm and initial diameter of 1.16mm. The specimens were cut out of polished sheet metal 
by wire eroding. In order to extend the amount of useable experimental data the tests have 
been performed at four different strain rate levels from minimum 0.002/s (quasistatic) to 
maximum 200/s by using a novel developed compression rig which is providing constant 
logarithmic strain rate during compression (M. Grillenberger, 2016). At every performed test 
the contact surfaces of the specimen were greased using high performance lubricants. Figure 2 
and figure 3 show the test setup and the specimen geometry, respectively. 

 
Fig. 2 - Compression test rig and test setup 
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Fig. 3 - Tested specimen 

Experimental Results 

To compute stress-strain curves out of the gained raw data (reaction force and stamp 
displacement) assumptions regarding the consideration of friction are necessary. These 
assumptions have to be validated in further FEM analysis steps. In this work the Stribeck 
friction model (A. Krämer, 2013) describing the friction force considering static and sliding 
friction effects has been selected  

�fric � �c � ��s
 �c�	|� �s⁄ |�         (1) 

The amount of static friction force is calculated by �s � �s ∙ �N. Sliding friction force is 
calculated with �c � ��c ∙ �N� ∙ sign���. The friction coefficients for static friction is assumed 
with µs = 0.13 and the value for sliding friction is set with µc = 0.11.  The value for reference 
speed is �s � 0.008m/s and the value for the exponent is set to � � 2	according to(A. 
Krämer, 2013). The deformation speed � of the contact surface in radial direction was 
calculated out of time dependent vertical displacement values and the theoretical surface 
evolution based on constant volume. Due to the fact that friction is acting immediately at start 
of compression there is a deviation of the resulting contact surface calculated by using 
constant volume to the real evolution of the contact surface. To increase accuracy of the 
extracted stress-strain curves a cover surface evolution description of the tested materials has 
been generated. For that, the specimen was stepwise compressed and the contact surface was 
measured using a reflected light microscope. In figure 4 a cover surface evolution curve for 
mild steel is computed as an example. 

 
Fig. 4 - Cover surface evolution 

Based on the mentioned friction model together with the found cover surface evolution curve, 
the raw data were analyzed and stress strain curves were generated. In figure 5 non-smoothed 
and nonfiltered stress strain curves for mild steel at different strain rate levels are shown. At 
quasistatic strain rate condition the results are compared to a bulge test result.  
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Fig. 5 - Stress-plastic strain curves out of experimental data 

 

EVALUATION OF FRICTION BY USING A SELECTED CONSTITUTIV MODEL 

In order to evaluate the computed results out of the experiment, the found stress strain curves 
were fitted by using a selected constitutive model by El-Magd (A. Bäumer, 2007) where kf  is 
defined as yield stress, C1, C2 and C3 as fit parameters and n as hardening exponent. 

�f �  1�  2	"pl�  3&1 
 �'(pl⁄)4�	+,	   (2)	
In figure 6 the fitted stress-strain curves are shown.  

 
Fig. 6 - Fitted stress-plastic strain curves 

Based on the found model parameter for yield behavior at quasistatic strain rate condition a 
FEM analysis of the compression test was done in order to get information on friction 
behavior respectively to validate the result and to confirm the made assumptions concerning 
friction coefficients. For this the resulting reaction force calculated by the FEM analysis was 
compared to the experimental gained reaction force. Additionally, a cross-sectional cut of the 
specimen (machined by grinding) was compared to the cross section contour of the result 
from the FEM analysis. In figure 6 the developed FEM model is depicted. The cylindrical 
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specimen is compressed in between two rigid plates using the displacement values out of the 
experiment. For consideration of friction the same model defined in equation (1) is used for 
raw data analysis, together with the assumptions made concerning friction coefficients.  

  
Fig. 7 - FEM model 

In figure 8a the cross-sectional cut of a compressed specimen is compared to a contour of the 
cross section out of the FEM analysis.  

 
(a)- Cross section cut of a compressed specimen 

 
(b)-FEM result 

Fig. 8 - Comparison of contour plot: FEM result vs. test result 

 

 
Fig. 9 - Measured reaction force vs. reaction force from FEM analysis  

Rigid plates 
interacting 
according 
equation (1) 

F
N
(t) 
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Figure 9 compares the resulting total reaction force (i.e. the integral of FN shown in figure 7) 
of the FEM analysis during compression of the specimen with defined displacement 
(quasistatic strain rate condition) to the result out of the force data out of the experiment.  

 

CONCLUSION 

The investigation of yield behavior by performing compression tests on mild steel showed 
that the compression test seems to be an appropriate method for gaining material data up to 
high strain level. The developed test rig as presented in M. Grillenberger (2016) is moreover 
providing a simple method for performing compression tests at different constant strain rate 
levels. As shown in figure 5 compression tests up to a strain rate of 200 /s are performable. 
The comparison of the FEM results using experimental generated material data to the results 
out of the experiment (see figure 8 and 9) show good accordance. This accordance confirms 
the assumed friction coefficients and the found material parameter for mild steel out of the 
compression test. The knowledge of stress-strain curves up to high strain levels leads to an 
increased accuracy in extracting material parameters for constitutive material models by curve 
fitting. The validity of yield curves extracted out of the compression test, which actually 
causes a general stress state deviating from uniaxial stressing is topic of further investigation.  
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ABSTRACT 

The present work aims to develop an automated tool to determine the wearing condition of 
ball joints used in vehicles suspension system. A methodology based on the transmissibility 
between accelerations, measured in two points of the suspension system, is proposed. 
Multiple vehicles, with ball joints in known condition, were tested using the excitation 
generated during the suspension test, performed during the vehicle periodic technical 
inspection required by law. Actually the evaluation of the wearing condition of ball-joints is 
done through visual inspection witch does not represents a well-defined and homogeneous 
criteria. The experimental results obtained proved that the proposed methodology can be 
successful applied to determine the ball joints wearing and its clearance in a quantitative and 
automated manner, promoting the vehicle safety.  

Keywords: ball joint, mechanical failure, transmissibility, vehicle inspection, vehicle safety. 

 

INTRODUCTION 

Ball joints have a critical function on automotive suspension and steering systems. They are 
responsible for connecting the suspension lower arms to the vehicle steering knuckles, 
allowing the suspension to move up and down and the steering movement of the wheels/tires. 
However, due to its working principles, lack of lubrication (ruptured seals) and to the 
efforts/vibrations they are subjected, with time, ball joints are prone to wear and fail [1, 2]. A 
loose ball joint will originate noises and vibration during the vehicle operation, may lead to 
the abnormal wearing of the tires, suspension and transmission components and, ultimately, 
will result in an undriveable and unsafe vehicle. Nowadays, ball joints are mainly tested by 
visual inspection, during vehicles periodic inspection, or using very expensive tools [3], 
which require the ball joints to be removed from the vehicle so they can be tested.  

In vehicles technical inspection, ball joints are “manually” tested in a moving plates platform, 
where an operator (with the aid of a hydraulic assisted system) forces the displacement of the 
tires relatively to the vehicle body, while checking for any signs of looseness. In this test a 
second operator, or the driver, is necessary to operate the steering wheel and the vehicle 
brakes. The test is unautomated, quite intrusive for the suspension components and results are 
dependent of the human factor and very susceptible to a wrong diagnosis. In opposing, the 
diagnosis of the suspension/shock absorbers and brakes, during the vehicle technical 
inspection, are effusively automated. In particular ground suspension tests apply a shaking 
displacement to the vehicle tires, at the range of the natural frequencies of the suspension 
system, and measure the tire contact force with the platform. The result, called adhesion, is a 
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measure of the suspension system conditions and an indicator of the shock absorbers 
status/wearing [4]. 

Moreover, methodologies based on a transmissibility analysis (study of the ratio between to 
signals in the frequency domain), have been proposed and used to determine the condition of 
other vehicles components, such as shock absorbers [5] or the comfort of vehicle seats [6]. 

 

METHODOLOGY 

In the follow up, we propose a new methodology to test the suspension ball joints based on a 
transmissibility analysis between the acceleration measured on both parts of the suspension 
where ball joints are attached (Fig. 1). Two three-axis accelerometers are required, which in 
turn are fixed to the vehicle suspension using strong magnets. Fig. 2 shows a possible 
practical placement of the accelerometers in the suspension lower arm and in the steering 
knuckle. The test will be performed in simultaneous with the suspension test, made on the 
vehicle annual inspection, were excitation up to 20 Hz is applied to the vehicle wheels. Fig. 3 
presents an example of the accelerations time plots, in the accelerometers axis parallel to the 
suspension movement, acquired in both sides of a ball joint during a suspension test. The time 
domain data is then used to compute the power spectral densities of both signals, and its ratio 
in the frequency domain will be an indicator of the ball joints looseness.  

 

 

Fig. 1 - Accelerometers placing. Fig. 2 - Example of a practical test.                                                                                
 

 
Fig. 3 - Acceleration time plots in both sides of a ball joint, acquired through the suspension test during the 

vehicle technical inspection. 
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Given the diversity of suspension geometries and its components, three-axis accelerometers 
will enhance and facilitate the tests, since accelerometers could be placed in one of different 
positions: top, bottom or on side (vertical or horizontal), thus, simplifying and making its 
fixation to the suspension stronger. 

 

TESTS AND RESULTS 

Tests with multiple vehicles with ball joints in good and bad condition, identified by visual 
inspection on a moving plates platform, were made. A tool was developed to acquire 
accelerometers time data at a rate of 400 Hz and to compute the transmissibility between 
accelerations. The fast Fourier transform algorithm was verified and calibrated using known 
sinusoidal waveforms and a digital oscilloscope PicoScope® 2205 MSO (FFT spectrum 
analyzer tool). As shown in Fig. 4 the measured excitation ranges from 7 Hz to 17 Hz, being 
is power density a function of the tested vehicles suspension geometry and characteristics, 
such as: suspension spring constant, damping factor, unsprung mass, sprung mass, tire 
stiffness and other suspension compliances. Obtained values are in accordance with reference 
values [4], centered around the wheel/sprung mass resonant frequency (typically 12 Hz). Fig. 
5, Fig. 6 and Fig.7 show the transmissibility results for three vehicles (different brands and 
suspensions geometries), all with both ball joints, left and right, in good conditions. As seen, 
in the excitation range, 7 Hz to 17 Hz, the transmissibility presents a quite high linearity. In 
this range the mean value of the transmissibility is a function of the accelerometers 
position/fixation and their alignment with the suspension working axis. 

  

Fig. 4 - Accelerometer A1 power spectral density for 
both front wheels of three different vehicles. 

Fig. 5 - Transmissibility results for vehicle 1, 
with two good ball joints. 

 

  

Fig. 6 - Transmissibility results for vehicle 2, 
with two good ball joints. 

Fig. 7 - Transmissibility results for vehicle 3, 
with two good ball joints. 
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Furthermore, Fig. 8 compares the transmissibility obtained for both front suspension ball 
joints of the vehicle 4, where the right one is damaged. While the transmissibility mean value 
is related to the position on the accelerometers and its alignment, oscillations in the 
transmissibility curve were observed in the excitation range (7 Hz to 17 Hz) and for 
frequencies above (> 17 Hz and with no input, A1, excitation) for the faulty ball joint.  

 

 
Fig. 8 - Transmissibility results for vehicle 4, with a good ball joint (left side) and a damage one (right side). 

 
To verify the accelerometers placing effect in results, a vehicle was tested using different 
positions and working axis for the accelerometers (as shown in Fig.9). In cases a) and b) 
accelerometers were fixed near to the ball joint, while, in case c) accelerometers were placed 
in other suspension parts (also connected to both sides of the tested ball joint) far from the 
ball joint. The transmissibility results, shown in Fig. 10, confirm that for frequencies in de 
excitation range and above (> 6 Hz for vehicle 1), the mean value is a function of the 
accelerometer alignment and calibration, and it should not be used to identify damaged ball 
joints. For low frequencies, it was verified that results depend of the accelerometer axis used.   
 
 

   

a) b) c) 

Fig. 9 - Same vehicle tested with different positions for the accelerometers:  
a) position 1, b) position 2 and c) position 3. 
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Fig. 10 - Transmissibility results for the same ball joint but with different positions for the accelerometers. 

 

Moreover, additional tests were performed in another vehicle, named vehicle 5, where the 
right ball joint was successively unfasten (enlarging its clearance/looseness), to simulate its 
wearing/damage condition. As the transmissivity results for the right ball joint show (Fig. 11), 
the amplitude variation (modulus of the difference between its maximum and minimum 
values) of the transmissibility in the excitation range (from approximately 6 Hz to 17 Hz, for 
vehicle 5) and/or in frequencies above (>17 Hz) are proportional to the looseness/wearing 
state of the tested ball joint, and therefore, may be used as a quantitative indicator of its 
condition. 

 

 

Fig. 11 - Transmissibility results for a vehicle, where the ball right joint was progressively unfasten. 
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CONCLUSIONS 

The obtained results validate the proposed methodology to evaluate the wearing condition of 
ball joint in vehicle suspension, using the suspension tester and its excitation.  
The accelerometers orientation plays no effect in the assessment, and its placement could be 
relaxed. Thus, making the methodology viable to be used in practice, where multiple 
geometries of suspensions are available and small time to do the test is required.  
The post processing calculations of the transmissibility and the quantitative characterization 
of the ball joints wear condition /looseness, can be included in the proposed tool, which in 
turn will send a test report to the centralizer system (already available in vehicle inspection 
centers). 
Such a system is a reliable alternative for the visual inspection of ball joints performed 
nowadays, less prone to errors and miss diagnosis, and will be a step forward towards vehicle 
and road safety. 
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ABSTRACT 

Coating layers, applied by means of different deposition technologies, can be used to produce 
composites with high damping properties. This is well known in literature and it is also 
verified by some experimental results reported in this work. The constitutive equivalent 
material model of coated specimens is identified and optimized by means of a generalized 
Kelvin model of n-th order, defined by means of the ratio of polynomials in the frequency 
domain. Dynamical measurements data obtained from coated single-layered and multi-layered 
samples obtained with different deposition techniques, are used to identify the optimal 
material model order and parameters. A robust identification technique that makes use of 
Forsythe orthogonal polynomials is employed for the numerical identification of the model 
parameters and a specific technique is introduced to eliminate the model non-physical 
components generated by measurement and model noise. 

Keywords: damping, model identification, dynamical measurement, optimal model fitting. 

  

INTRODUCTION 

There is a great demand in industrial, aerospace and automotive mechanical applications for 
non-conventional composite materials suitable to design components showing high stiffness, 
high resistance and high damping behaviour. Coating layer technology can be employed to 
increase the global dissipative properties of an industrial component with limited influence on 
the other mechanical properties (Tassini, 2006; Yu, 2005; Ustinov, 2001). One or more 
coating layers can be deposited or grown in order to obtain a finished composite component 
with specifically designed characteristics. Different techniques are known (Rongong, 2004; 
Blackwell, 2007), for example plasma vapor deposition, plasma spray or the anodization 
process. When designing or analyzing the properties of a single or multi-layer coating, e.g. 
damping efficiency, corrosion resistance, or thermal insulation, many factors must be taken 
into account: layer composition, layer or multi-layer structure, deposition or growing 
technology and adhesion to the substrate. 

The dissipative properties of a component can be significantly tailored by means of the 
adoption of layers showing high internal hysteresis or by maximizing the frictional actions at 
the interface between the different layers (Casadei, 2014; Wang, 2013; Kireitseu, 2007). A 
considerable number of applications was dedicated to study the influence of the coating 
characteristics, such as the coating material structure (Casadei, 2014; Guangyu 2014; 
Ustinov 2008) or the interface structure (Colorado, 2006) on the coated component damping 
behaviour and its temperature dependence (Khor, 2001).  
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Dynamic mechanical measurements can be used as an effective experimental technique for 
estimating the coated component damping properties. Forced and free vibration experimental 
methods were successfully employed to estimate the component dissipative properties by 
means of comparing the coated and uncoated component dynamical response (Reed, 2008; 
Pastias, 2004; Torvik, 2009). 

 
Fig. 1 - Generalized Kelvin model of order n 

Single or multi-layered coated materials dynamic behavior can be considerably complex and 
classical material models (Zener, 1948; Nowick, 1972) may not accurately describe the coated 
component constitutive relationship (Amadori, 2016). Different higher order constitutive 
models can be adopted (Finley, 1989; Ramirez, 2007; Vasquez, 2010). Such models may 
require the use of not trivial constitutive equations and as a consequence a robust 
identification procedure must be considered for solving the generally ill-conditioned problem 
of parameter identification (Richardson, 1982; Amadori, 2016). 

In this work, components made by single-layer and multi-layer coatings applied on a metal 
substrate by means of two different techniques, i.e. by an anodizing process and by a reactive 
plasma vapor deposition (RPVD) process, are considered. Coated and uncoated specimen 
dynamic mechanical measurement test results are compared and processed by means of a 
robust parameter identification and model condensation technique. 

 

IDENTIFICATION PROCEDURE 

The procedure used to identify the composite constitutive relationship, defined by the authors 
of this work in a previous paper (Amadori, 2016), is briefly outlined here. A generalized 
Kelvin model (also cited in literature as the standard linear solid model) is chosen to model 
the composite material constitutive equation. Since low order material models such as the 
Zener and Kelvin-Voight models can show limitations in predicting the dynamic behaviour of 
complex materials, high order models are taken into account in this work. A generalized 
Kelvin model of order n, obtained by connecting n single Kelvin model units in series is 

shown in Fig.1, and starting from the relationship between the Fourier transform ( )$  of σ
stress and ε  strain of the single Kelvin unit in the frequency domain: 

 ˆˆ ( )     ,    1,  ... ,i i iE j i nσ ω β ε= + ⋅ ⋅ = .  (1) 

The constitutive relationship for the generalize Kelvin model is: 

 ( ) ( )ˆ ˆˆ    E E Cσ ω ε ω ε= ⋅ = ⋅ ⋅   (2) 

where: 
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Fig. 2 - Slender beam in flexural excitation experimental set-up 

with clamped-sliding boundary conditions 
 
The constant -. is the modulus of the material when the frequency value is zero and it can be 
obtained from static experiments or extrapolated from dynamical measurements estimates as 
the frequency goes to zero. C(ω) is a rational function with a n-degree numerator polynomial 
and a n-1 degree denominator polynomial. The estimate value of C(ω) in a wide frequency 
range can be obtained from dynamic mechanical measurements in a forced flexural excitation 
experimental set-up. 

The contribution of the inertial actions is also taken into account and for a slender beam in a 
flexural experimental set-up with clamped-sliding boundary condition (Fig.2) and with a 
periodic force ( ) ( )expq t Q j tω= ⋅ applied at the sliding end, the relationship in the frequency 

domain between the transverse displacement ( )ν̂ ω  and applied force ( )q̂ ω at the beam sliding 

end is approximated by: 
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M is the beam mass, I is the beam section moment, L is the beam length, ks satisfy the 
following equation: 

 sinh cos cosh sin 0k k k k+ =   (5) 

Using Eq.4 and the corresponding displacement and applied force data, the material 
constitutive relationship Ci=C(ωi) at ωi excitation frequency can be estimated by finding the 
solution of the non-linear equation Eq.6: 
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The solution is found by means of the Newton-Raphson method, the procedure showed to be 
stable and only a few iterations are generally needed for convergence. 

The Ci experimentally estimated values are used to identify the parameters of the constitutive 
relationship by means of an approach based on the least square error technique. The rational 
function C(ω) is defined in Eq.7 by means of the ratio of two polynomials expressed in a 
basis of orthogonal polynomials ( )s jη ω  and ( )r jµ ω : 

 ( )
( )

( )
1
1

1

1

1

n

s s i

s
i i n

r r i

r

j

C C

j

γ η ω
ω

δ µ ω

=
−

=
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= =

+ ⋅

∑

∑
  (7)

  
Starting from Eq.6 and applying the least square error method the unknown γs and δr 
coefficients can be obtained as the solution of two uncoupled systems of linear equations 
(Amadori, 2016). With the adoption of an orthogonal polynomial base, and in the specific 
case of a Forsythe polynomial base (Forsythe, 1957), high accuracy for the identification of 
both low and high order model can be obtained. The polynomial base coefficients γs and δr 
can be unsuitable for further processing. It is more convenient to convert them to an 
equivalent monomial base, this can be done by means of known algorithms (Kelly, 1967).  

This procedure has proved to be robust and the material constitutive relationship C(ω) can be 
obtained as the ratio of two polynomials defined by coefficients in a monomial base, as in 
Eq.3. 

 

MODEL CONDENSATION 

Experimental measurements are affected by noise and the basic least-square error technique is 
not able to distinguish between system poles and virtual, non-physical poles resulting from 
such noise. High order model fitting estimates then generally result. This model can be further 
condensed, by finding an optimized model order and by eliminating the non-physical model 
components. The rational function C(ωi) is manipulated in order to outline the system poles 
and residues. By inverting C(ωi) and defining it in standard partial fraction form: 

 
( ) ( )1

1 n
s

si i s

R

C jω ω ψ=

=
−∑   (8) 

where residues Rs are computed from the rζ  zeros and sψ  poles of 1/C(ω). Since from 

Eq.2,8: 
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computational and physical sψ  pole and Rs residues subsets can be found by observing that 

poles and residues are expected to appear as complex conjugated pairs or real values. Poles 
with positive real part can be considered as computational poles and can be discarded. 
Couples of physical poles and residues are also assumed to present stability if the model order 
is increased. Unstable poles with respect to model order n can be considered not physical and 
discarded. The model, condensed to a subset of nr physical pole-residues 

sR% and sψ% , is 

expressed in the form: 
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EXPERIMENTAL SET-UP AND TESTS 

Specimens in the form of slender beams of rectangular cross section are tested with a dynamic 
mechanical analyzer (Fig.3) in a forced flexural excitation experimental set-up with 
clamped-sliding boundary conditions.  

                 
(a)                                                            (b) 

Fig. 3 - Experimental apparatus. Dynamic mechanical analyzer (a) and specimen 
mounted in the flexural excitation experimental set-up (b). 

 
Λm(ω) is a m order (m=1,2 generally works well) polynomial function used to estimate the 
contribution of the nc=n-nr eliminated computational poles-residue pairs. The calculation 
procedure to obtain coefficients λr can be found in the authors previous work 
(Amadori, 2016). 

Two different coating solutions are considered in this work. In both cases coating layers are 
applied on a Al alloy (Al 1000) beam, length 10-2 m, width 3×10-3 m, thickness 5×10-4 m and 
density 2700 kg/m3. One set of specimens is obtained by means of the reactive plasma vapor 
deposition (RPVD) technique. A dual-layer coating is applied on two opposite faces of the 
beam. First a Ti metallic bond coat is deposited and then coated with an external hard coating 
layer formed by TiO2 (Fig.4a)..  

         
 (a) (b) 

Fig. 4 - Schematic representation of the dual-layered structure of Ti+TiO2 coating (a) 
and of the single layer Al oxide coating (b). 

Both the metallic bond coat and the hard coating layer thickness is 1µm. Other coated 
specimens are obtained by means of an anodizing process, the Al 1000 beam is coated on the 
two opposite faces of the beam by a single, 4µm thick, Al oxide layer (Fig.4b). Dynamic 
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mechanical test on the coated specimen sets and homogeneous Al beams are made at 0.01% 
maximum strain over a [0.01-200] Hz frequency range and 35°C constant temperature. 

 

RESULTS AND DISCUSSION 

The ratio of the imaginary and real part of E(ω) (Eq.2) is considered as a measure of the 
material dissipative properties (Nowick, 1972), and the results obtained for the uncoated and 
the coated specimens are compared. Fig.5 shows the estimated Im(E(ω))/Re(E(ω)) ratio of the 
dual-layered (Fig.4a) and of a homogeneous Al 1000 specimen, and the relative increase of 
the same ratio. 

 

 

 
Fig. 5 - Estimates of the ratio Im(E(ω))/Re(E(ω)) for dual-layer (Ti+TiO2) coated specimen (red) 

and homogeneous Al 1000 specimen (green), and their Im(E(ω))/Re(E(ω)) relative difference % (blue). 
 
Fig.6 shows the same results obtained for the single-layered (Fig.4b) specimen. It is shown 
that the coated specimen Im(E(ω)/Re(E(ω)) ratio increases with respect to the uncoated case. 
The dual-layer coated specimen only exhibits a meaningful effect at frequencies above 70 Hz, 
while a significant increase at all measured frequencies can be observed for the single-layer 
coated specimen. Since for both coating technologies a very small coating layer thickness, 
compared to the beam substrate thickness, is adopted, it can be assumed that this results are 
mainly due to the interface frictional actions acting during the imposed flexural test cycle. 
The identification and the model condensation procedure are used to process experimental 
measurements data, and the results are shown in Fig.7 for the dual-layer specimen and in 
Fig.8 for a single-layer specimen. Condensed model fitting estimates of order n=11 are shown 
for both specimen solutions and compared with the estimated measurement values. In both 
cases a n=43 model order was taken into account as the starting point of the condensation 
procedure and a n=11 condensed model is obtained by eliminating all of the poles with 
positive real part and the ones not exhibiting stability with respect to the model order increase. 
Stability diagrams used to evaluate poles stability are shown in Fig.9. 
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Fig. 6 - Estimates of the ratio Im(E(ω))/Re(E(ω)) for single-layer (Al oxide) coated specimen (red) 
and homogeneous Al 1000 specimen (green), and their Im(E(ω))/Re(E(ω)) relative difference % (blue). 

 
 
  
 

 

Fig. 7 - Dual-layer (Ti+TiO2) coated specimen E(ω) estimates (green) and n=11 condensed 
model fitting estimate (red). 
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Fig. 8 - Single-layer (Al oxide) coated specimen E(ω) estimates (green) and n=11 

condensed model fitting estimate (red).  
 
 
 

 

 (a) (b) 

Fig. 9 - Stability diagrams with selected poles (blue and red) of n=11 condensed models  
of the dual-layered (Ti+TiO2) (a) and single-layered (Al oxide) (b) specimens. 
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To assess the effectiveness of the model condensation step, Figs.10-11 report the 
computational model fitting estimate results of the same order (n=11). It can be observed that 
in both the dual-layer and the single-layer solutions the condensed model is a significantly 
more accurate approximation of the experimental estimates and that the un-condensed model 
fail to accurately model the experimental estimates. 

These results show that both coating solutions may affect the specimen dissipative properties. 
The integrity of the specimen layer interface showed to be nevertheless affected by cyclic 
loading, and preliminary results showed that damages and cracks may appear at the interface 
between the different layers, making the solution partially non-effective.  Different coating 
process parameters and technologies will be investigated in future work to solve this specific 
problem. 

 

CONCLUSIONS 

A composite solution adopting many coating layers of different materials, may strongly 
increase the component structural damping, according to some engineering design 
specification constraints. 

Two simple solutions are investigated, a dual-layer obtained by means of a thin coating of Ti 
and of Ti oxide and a single-layer obtained by means of a thin coating of Al oxide. Coated 
specimens show improved damping behaviour with respect to uncoated ones for both the 
solutions under study. Preliminary cyclic loading tests show that the component dissipative 
properties may decrease due to the formation of damage and cracks at the layer interfaces. 

The obtained results are positive enough to justify further investigations. Different 
technological and processing solutions will be examined in order to obtain increased damping 
behavior by means of frictional actions at the layer interfaces. 

  

Fig. 10 - Dual-layer (Ti+TiO2) coated specimen coated specimen E(ω) estimates (green) 
and computational n=11 model fitting (blue) 
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Fig. 11 - Single-layer (Al oxide) coated specimen E(ω) estimates (green)  
and computational n=11 model fitting (blue) 
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ABSTRACT 

The article is focused on experimental analyses of structural adhesive joints intended for 
façade applications (e.g. bonding of façade cladding elements to the supporting substructure). 
The experimental study contains a comparison of the structural behavior of two different 
adhesives in joints with aluminum or galvanized steel substrates with various surface pre-
treatments. It also compares the mechanical properties of joints exposed and unexposed to 
laboratory ageing conditions according to ETAG 002 (Guideline for European Technical 
Approval for Structural Sealant Glazing Kits). 

 Keywords: double lap shear, adhesive, metal substrates, ageing, ETAG 002. 

 

INTRODUCTION 

Adhesive bonding is currently a generally established method in automotive and aerospace 
industry assemblies, but in civil engineering it is still rarely used. However, in contemporary 
architecture, glued connections are required, e.g. in façade applications, due to the visually 
smooth surface without interruptions by bolts. Façades have to fulfill not only architectural 
requirements, but there are also construction and material technology requirements, as well as 
functionality. Façade cladding connections with other façade parts can be advantageously 
designed as glued joints. In dependence on the particular application, adhesive bonding 
provides higher efficiency of workmanship in comparison with bolted connections, as well as 
esthetic qualities. An important benefit of glued connections in façades is the elimination of 
local thermal bridges in comparison with bolted connections and the possibility of stress peak 
reduction in dependence on the adhesive and substrate stiffness and the geometrical 
arrangement of the joint. The currently required slender metal frame and, thus, thinner joints 
and larger façade panels lead to the necessity of using adhesives with higher strength and a 
reasonable elongation at break. Despite the wide, long-term usage of low strength, elastic and 
durable silicone sealants in façades, there is a lack of information about semi-flexible and 
semi-rigid adhesives. At the same time, building a façade is a very specific type of usage for 
glued connections due to the requirements for durability, strict geometrical imperfections and 
joining of unconventional materials often used in the façade design. 

This paper reports on an experimental analysis focused on determining the mechanical 
characteristics of two types of adhesive applied in double lap shear connections. The study 
contains joints made of two different substrate materials - aluminum and galvanized steel. 
Galvanized steel was used with a clean, degreased surface and a roughened surface; blank 
aluminum substrates with a clean smooth surface, a roughened surface and with an anodized 
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covering to find out the effect of aluminum roughening and anodization on adhesion. The 
analysis is aimed at the comparison of mechanical characteristics and failure modes of a 
reference series of joints without exposure to laboratory ageing with joints exposed to ageing 
in accordance with ETAG 002 (EOTA, 2012). 

 

TEST METHOD AND SPECIMENS 

The adhesives for the research were selected on the basis of their application in planar 
connections in façades. The glue in the connection provides sufficient strength and stiffness to 
ensure the transmission of load from façade panels to the supporting structure, but the 
adhesive layer should also be flexible enough to accommodate the stresses originating from 
different thermal expansions of the joining materials. In order to meet these requirements, two 
different adhesives were chosen for the study. 

Silane Terminated Polymer (STP) combines the properties of polyurethanes and silicones and 
provides an elastic, gap-filling hybrid adhesive with higher strength in comparison with 
silicones. It cures on exposure to atmospheric humidity to create an ageing and weather 
resistant elastomer. 

Two-part acrylate adhesive is a structural adhesive with a higher flexibility that cures by chain 
polymerization when both components are mixed. In contrary to the STP adhesive, the 
acrylate adhesive is optimally applied in bond line thicknesses from 0.5 to max. 3 mm. An 
exothermic reaction during the curing process can affect the polymer properties or the 
substrate when an excessive volume of adhesive needs to be cured.  

A substrate material and its preliminary surface treatment have a great influence not only on 
adhesion and, thus, the strength of the joint, but also on the failure mode, behavior, safety and 
ageing resistance of a particular joint. For this reason, two basic substrate materials, which are 
often used in the façade industry, aluminum (blank and anodized) and galvanized steel, were 
chosen for the study. Sulphuric acid anodizing was chosen due to its wide usage as corrosion 
protection of aluminum parts in façades. All contact surfaces of the specimens were cleaned, 
degreased and activated. Some series of the specimens were also mechanically pretreated by 
roughening (by Scotch Brite) to analyze the influence of roughening on the mechanical 
properties of the joint and its failure mode. The same series of specimens were prepared for a 
reference set of specimens and a set for laboratory ageing, see Table 1. 

Table 1 - Material and surface treatment of specimens for one type of adhesive 

substrate surface treatment 
reference set 

number of specimens 

ETAG 002 

number of specimens 

blank aluminum Smooth 5 5 

 Roughened 5 5 

anodized aluminum Smooth 5 5 

galvanized steel Smooth 5 5 

 Roughened 5 5 

 

The specimens were produced as double lap shear joints to eliminate peel stresses at the edge 
of the bond layer caused by the eccentricity in the joint. A shear double lap joint is probably 
the most suitable type of the geometrical set-up for glued connections. It provides good 
feasibility and sufficiently large bonded surfaces. The adhesive was applied in a bonded area 
of 2 x 12 x 50 mm, where the overlap length is 12 mm. The bond line thickness was 0.8 mm 
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for the two-part acrylate (average value for a reference set of  specimens) and 4.99 mm 
(average value for a reference set of specimens for the STP adhesive). Both thicknesses were 
designed in accordance with the optimal thickness for particular adhesives given by the 
manufacturer.  

Shear loading of the bonded area arose from the tensile loading of the whole specimen, see 
Fig 1. The specimens were loaded at a crosshead speed of 5 mm/min for the STP adhesive 
and 1 mm/min for the two-part acrylate glue, continuously until the total destruction of the 
joint. Deformation was measured by two linear potentiometric transducers at both ends of one 
overlap joint, therefore, four transducers per one specimen were used. The average value of 
deformation was calculated for the evaluation of results. 

  
Fig. 1 - Test set-up                               Fig. 2 -Specimens in demineralized water 

  

LABORATORY AGEING CONDITIONS 

The adhesive connection has to withstand not only mechanical forces that are acting on it, but 
the transfer of load must operate in a service environment. Mechanical properties can be 
highly influenced by environmental conditions. The prediction of mechanical properties of a 
joint under exposure to a certain environment is a complicated task due to the mutual 
interaction of various degrading effects. The interaction of temperature and moisture can 
cause a more serious degradation of an adhesive joint than either individual environmental 
effect by itself. Water and humidity could be probably considered the most critical degrading 
factors because water is very polar and permeates most polymers. Higher temperatures 
accelerate the diffusion process into the adhesive layer, resulting in an increased degradation 
at a shorter time (Heshmati et al., 2015).  Moisture can change bulk material properties, the 
polymer becomes softer because the glass transition temperature is decreased due to reducing 
the attractive forces between the molecules of the polymer. Swelling and deformation due to 
water content were also observed in flexible polymers, which are more prone to higher 
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permeation of moisture than rigid adhesives. Both of these effects are reversible when the 
polymer is dried. Polymeric adhesives can also chemically change due to hydrolysis under the 
long-term action of moisture and higher temperatures. This change causes a permanent 
reduction in mechanical properties and a resulting cohesive failure. Moisture has a serious 
effect on the interfacial region. Water molecules that permeate the polymer have a tendency to 
preferentially migrate to the interface displacing the adhesive at the interface. Therefore, the 
adhesive failure is typical after several days in a humid environment. Resistance to moisture 
can be improved by reaching better durability of the interface itself (e.g. by coating, using 
primers or chemical treatment of the substrate surface to increase adhesion) (Petrie, 2011). 

The ageing procedure according to ETAG 002 was adopted in our research to study the effect 
of water immersion on the adhesive connection under elevated temperatures. Laboratory 
ageing was applied on all types of specimens with different substrates and different surface 
treatment to evaluate the influence on not only the bulk adhesive in the connection, but also 
the adhesive-metal interface and the mode of failure. The specimens were immersed in 
demineralized water at a temperature of 45 °C for 21 days, see Fig. 2. After immersion, the 
specimens were conditioned at 23 °C and 50% relative humidity for 24 ± 4 hours and they 
were subsequently subjected to shear loading.  

 

EXPERIMENTAL RESULTS  

Silane Terminated Polymer 

The measured load-displacement curves were converted into engineering stress - engineering 
strain relationships, in order to compare the behavior of different joints. Summarized results 
of the shear tests are presented in the graph in Fig. 3, where representative curves of the shear 
stress-strain diagrams of the joints are drawn for each of the adhesives, their tested substrate 
material, and their surface treatment. The diagram in Fig. 3 and Table 2 also provides a 
comparison of the results for a reference set of specimens and the specimens exposed to 
laboratory ageing conditions.  

The reference set of specimens with the STP adhesive reached average shear strength values 
between 1.7 and 1.9 MPa with an average shear strain at break of 1.8. Similar strength values 
were observed for all tested substrates without any difference in the roughening of the 
surface. The adhesive proved very good adhesion to all tested substrates, all tested specimens 
were broken by a full cohesive failure mode, see Fig. 4a. 

Table 2 -Average shear strength for Silane Terminated Polymer - reference set of specimens and 
specimens exposed to ageing according to ETAG 002 

Type of specimen 

(substrate/treatment) 

 Average shear strength [MPa] 

reference set of specimens 

Average shear strength [MPa] 

ETAG 002 

Aluminum / roughened surface  1.87 1.25 

Aluminum / smooth surface  1.89 1.38 

Anodized aluminum  1.87 1.65 

Galvanized steel / roughened surface  1.69 1.16 

Galvanized steel / smooth surface  1.72 1.07 
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Fig. 3 - Stress-strain diagram for Silane Terminated Polymer - comparison of a reference set of specimens and 

specimens exposed to Etag 002 ageing conditions 

  
Fig. 4 - Failure mode of STP adhesive at a roughened galvanized steel substrate; a) specimen from a reference 

set, b) specimen after laboratory ageing  

The specimens exposed to immersion in demineralized water showed significant softening of 
the polymer, lower average values of shear strength, which were measured between 1.07 and 
1.65 MPa, and higher shear strain at break, which was measured higher than 3. Almost all 
specimens were broken by a combined adhesive-cohesive mode of failure; a typical example 
is depicted in Fig. 4b. All substrates except anodized aluminum showed a similar behavior, no 
difference in the roughening effect on adhesion was observed. The lowest degradation effect 
of immersion in water was observed in the specimens with the anodized aluminum substrate, 
where two specimens were broken by cohesive failure and another two specimens showed a 
combined mode of failure with a prevailing cohesive manner. Anodizing creates a surface 
structure suitable for adhesion due to many pores in which the adhesive is able to penetrate 
before complete curing and it leads to better adhesion due to the interlocking effect and 
increased bonding area by the porous structure (Kwakernaak et al., 2010), (Davis, 2011). 

a) b) 
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Moreover, anodizing protects the substrate against corrosion. Corrosion can worsen the bond 
properties due to a weak boundary layer even after the joint is made and, therefore, it has a 
positive influence on the durability of the bond. 

Two-part acrylate adhesive 

The reference set of specimens glued by the acrylate adhesive reached an average shear 
strength of 9.2 MPa for the aluminum substrate with a roughened surface, and they showed 
lowered strength for other substrates, see Fig. 5 and Table 3. Experimental results showed a 
significant influence of the substrate material and the roughening, which had a positive effect 
on the shear strength of both aluminum and galvanized steel. Aluminum specimens were 
mostly broken by a pure cohesive failure, especially the specimens with a roughened surface. 
Lower strength values of galvanized steel specimens were observed, together with a pure 
adhesive or combined adhesive-cohesive mode of failure; a typical example of a combined 
adhesive-cohesive mode of failure is depicted in Fig. 6a. 

Table 3 - Average shear strength for two-part acrylate adhesive - reference set of specimens and 
specimens exposed to ageing according to ETAG 002 

Type of specimen 

(substrate/treatment) 

 Average shear strength [MPa] 

reference set of specimens 

Average shear strength [MPa] 

ETAG 002 

Aluminum / roughened surface  9.30 7.44 

Aluminum / smooth surface  8.43 5.78 

Anodized aluminum  8.47 2.28 

Galvanized steel / roughened surface  6.24 2.40 

Galvanized steel / smooth surface  4.68 1.39 

 

 
Fig. 5 - Stress-strain diagram for two-part acrylate adhesive - comparison of a reference set of specimens and 

specimens exposed to Etag 002 ageing conditions 

The specimens exposed to immersion in water also showed significant softening, especially in 
the initial shear modulus, see the graph in Fig. 5. The specimens exposed to laboratory ageing 
reached lower average values of shear strength, e.g. the average shear strength for the 
aluminum substrate with a roughened surface was reduced to 7.44 MPa with similar shear 
strain values as the specimens that were not exposed to laboratory ageing. The most 
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significant deterioration of mechanical properties was observed in the specimens with 
anodized aluminum. The average shear strength measured was only 2.28 MPa with an 
average shear strain at break of 1.7, see Fig. 5. The cohesive mode of failure was dominant 
for the roughened aluminum substrate only. In the rest of the specimens, a combined 
adhesive-cohesive mode of failure was mostly observed with a prevailing adhesive manner, 
see Fig. 6b. The exception was anodized aluminum, where the specimens were broken in an 
adhesive manner only. According to (Kwakernaak et al., 2011), sulphuric acid anodizing is 
less suitable for structural adhesive bonding with rigid adhesives because the pores are 
narrower than in the case of other anodizing processes and the adhesive cannot fully penetrate 
resulting in a relatively low strength interface.  

  
Fig. 6 - Failure mode of two part acrylate adhesive on a roughened galvanized steel substrate; a) specimen 

from a reference set, b) specimen after laboratory ageing  

 

CONCLUSION 

The main objective of this investigation was to evaluate the laboratory ageing effect by 
immersion into warm demineralized water according to ETAG 002 for structural adhesive 
joints. The study also assesses the influence of substrate materials and surface treatment on 
the mechanical properties of selected adhesives. The following conclusions have been drawn 
from the findings of the tests: 

- Silane Terminated Polymer (STP) showed higher shear strength values for aluminum 
substrates than for galvanized steel by max. 15%. A pure cohesive mode of failure was 
observed. 

- Laboratory ageing of STP adhesive caused an average reduction in shear strength 
between 40% (galvanized steel substrate) and 12% (anodized aluminum). 

- Significant softening of both adhesives was observed due to water penetrating into the 
structure of the polymer. 

- A roughened surface had a significant influence on the shear strength values of two-part 
acrylate adhesive specimens. A smooth surface proved lower shear strength by 10% for 
blank aluminum substrates and by 30% for galvanized steel than a roughened surface. 

a) b) 
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- Laboratory ageing of the acrylate adhesive caused an average reduction in shear 
strength by max. 30% for blank aluminum substrates and app. by 60-70% for 
galvanized steel. The specimens with anodized aluminum substrates showed a decrease 
in shear strength by up to 75%. 

- While a prevailing cohesive mode of failure was observed in the specimen that was not 
exposed to laboratory ageing, a mostly combined mode with a prevailing adhesive 
manner or a pure adhesive failure was observed in the specimens immersed in water. 
The negative influence of water on the interface was proved. 

It is important to keep in mind the influence of the surrounding environment, ageing, fatigue 
or long-term loading effects on the adhesive connection. The main objective of this 
investigation was to evaluate the effect of substrate materials and surface treatment on the 
mechanical properties of selected adhesives, together with the laboratory ageing effect on the 
joints. Mechanical properties deteriorate at different rates for a particular adhesive according 
to its chemical composition and the cross-linking rate. The material of the substrate influences 
the adhesion of glue to the substrate and after exposure to ageing (especially exposure to 
moisture and water immersion), interfacial adhesion forces can be reduced. The most critical 
environmental factors for adhesives are heat and humidity in non-coast locations and salt 
water/spray in locations close to the sea. For this reason, artificial ageing of this study is 
focused on immersion in warm water. The effect of other methods of artificial ageing (e.g. 
salt spray test) on adhesive joints is a topic for a further stage of research. 
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ABSTRACT 

One of the main uses of zirconium alloys is in nuclear technology, such as cladding of fuel 
rods in nuclear reactors, especially water reactors. Due to increasing safety demand of nuclear 
reactors, crashworthiness has become more important and potential crash accidents are 
calculated using the Finite Elements Analysis. The present work is focused on the 
investigation of an experimental zirconium alloy under various strain rates at room 
temperature. As there is in many cases lack of zirconium alloys for testing, miniature 
specimens were used. This technique was called micro-tensile test. Further advantage of M-
TT is short parallel length (less than 3 mm) and strain rates reachable by these sample with 
the combination of impact tester IM30T are up to 2500 s-1. Force during a test was measured 
by strain gauge and the piezo electric load cell. For precise strain measurement, pictures 
captured by the high-speed camera were evaluated by the ARAMIS system using the Digital 
Image Correlation method (DIC). Flow stress curves as precise input for FEM simulation 
determined by micro-tensile test are presented here. 

Keywords: Zirconium alloy, high strain rates, dynamic micro-tensile tests, strain gauge, high 
speed camera, digital image correlation (DIC) 

 

INTRODUCTION 

As precise material data of zirconium alloys are unavailable for high strain rates, an 
experimental zirconium alloy used for nuclear components has been investigated since 2012. 
In the work (Maresova, 2013), high strain rate sensitivity was measured for zirconium 
specimens with notches of radii R = 5 mm, 10 mm and 15 mm. In addition, a new testing 
method for tensile properties determination requiring very little experimental material was 
developed. This technique was called the micro-tensile test (M-TT). 

The developed M-TT has some special features: due to a very small tested volume, it is 
possible to measure local mechanical properties (Džugan, 2015), anisotropy of thin tubes, 
flow stress curves at various temperatures (Dzugan, 2014) and also dynamic tensile properties 
(Konopík, 2014, Rund 2015)). The samples can be obtained from the same material volume 
as small punch test, but maintaining the same loading conditions as a standard tensile 
samples, do not need any kind of correlations, enabling direct standard test parameters 
determination. The M-TT thanks to miniature specimen size allow to attain high strain rates 
with the use of relatively slow loading velocities in comparison to standard dynamic tests. 
Moreover, slower loading velocities cause fewer force oscillations typical for high strain rate 
tests. 
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MICRO-TENSILE TEST DEVELOPMENT 

One of the well-known miniature testing techniques is the Small Punch Test (SPT). The SPT 
method uses small test disc shaped samples of usual dimensions of 8 mm in diameter and 
thickness of 0.5 mm. The testing itself is a penetration of a hard ball through the tested sample 
while the force and ball displacement are measured either at room temperature or non-ambient 
temperature. The SPT is usually based on conversion of the obtained results into conventional 
mechanical characteristics. However, it requires known correlation parameters determined for 
the specific material and must be verified for each new material. Moreover, these correlations 
have limited validity and higher tolerance bounds stemming from the measurement and 
evaluation uncertainties due to different loading modes between these methods and standard 
testing methods (Konopík, 2012). Therefore, the development of small size specimen 
techniques using miniaturized standard size samples is important because these tests maintain 
a very important advantage - the same loading mode as standard test samples. The first 
suggested M-TT geometry was based on SPT specimen to prove that tensile test is possible to 
perform with the same amount of experimental material. FEM simulation confirmed the same 
loading and other condition as in the case of standard tensile test (see Fig. 1). 

 
Fig 1 - FEM simulation of M-TT specimen (right), M-TT geometry (left) 

In the case of this M-TT sample geometry, a shorter gauge length is used and thus elongation 
cannot be evaluated in the standard way. The elongation is evaluated with the use of 
following formula (Dzugan, 2010): 

 
Where index m means gauge length used for the test evaluation and x is gauge length into 
which results are being converted. 

The main problem with samples miniaturization is the availability of appropriate measuring 
devices suitable for testing samples of the volume of a few cubic millimeters. Load 
transducers are not so critical, but for example direct strain measurement on mini-tensile 
specimens requires special measuring techniques. Strain measurement on a standard tensile 
specimen is usually done by a contact extensometer but in case of a very small specimen, it is 
almost impossible to attach this equipment on the parallel length of the specimen. Considering 
various strain rates up to the dynamic condition, traditionally used mechanical extensometers 
could not be used at all. Firstly, the data acquisition rate of the mechanical extensometer is not 
sufficient during the dynamic event, and secondly, the dynamic test could be destructive to 
the extensometer itself. Therefore, the strain capturing based on optical measurement was the 
only option. 

There are various methods of optical measurement available for strain measurement - for 
example laser extensometers or video-extensometers. Latest development in the field of 

01 � 203 ∗ 501 � �03 
 06203 � ∗ 503
501  (1) 
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deformation measurements are methods that calculate and evaluate deformation on the whole 
recorded surface of the specimen - full field deformation measurements. One of these 
methods is the Digital Image Correlation (DIC) method. The principle of the DIC method has 
been known since 1970s ((Keating, 1975), (Sutton, 2009) and many others). It is based on the 
recognition of change in the sequence of images. Stochastic pattern is applied on the surface 
of the specimen prior testing. The test itself is recorded by one (2D in-plane deflection 
measurement) or two (3D) cameras. Under the load, the specimen is deformed and so is the 
applied pattern. Comparing the images, changes in the pattern are registered and 
displacements and strains are calculated. Systems based on this method enable 3D strains 
measurements of either testing samples or real components. The color maps in Fig 2 show the 
distribution of major strain (strain in the direction of the highest achieved strain) over the 
sample. 

 

Fig. 2 - Color map of major strain of M-TT sample 

The testing procedure was verified for several materials exhibiting a wide range of strength 
levels. Namely, Al-alloy, Ni-alloy, Titanium Gr. 5, and several steels were compared while 
tested on standard size specimens and with the use of M-TT. Standard size samples were 
round with diameter ranging from 5 to 10 mm and in one case steel, segment of pipe was 
tested. The resulting tensile curves of these tests are graphically summarized in Fig 3. There 
can be found excellent agreement for all materials investigated between standard size 
specimens and M-TTs for whole range of strength levels from about 250MPa up to 1250 
MPa. 

 
Fig 3 - Comparison of records obtained with the use of M-TT and standard tensile 

specimen for various metallic materials (Džugan, 2015) 
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EXPERIMENTAL MATERIAL 

Polycrystalline zirconium (of the trade name ZircadineTM  Zirconium 702), delivered as a 
sheet with 1 mm in thickness, was subjected to high strain rate testing. Table 1 shows the 
chemical composition of the material provided by the manufacturer. Metallographic 
investigation was performed and an ultrafine-grain structure was observed, see Fig. 4. 

Table 2 - Chemical composition of the as-received material- Zirconium 702 (weight%) 

Element TOP MIDDLE BOTTOM 

C 0.01 0.01 0.01 

FeCr 0.08 0.08 0.08 

H <0.0003    <0.0003 <0.0003 

Hf 1.0 1.0 1.1 

N 0.005 0.005 0.005 

O 0.14 0.14 0.15 

Zr+Hf >99.2 >99.2 >99.2 

 

   
Fig. 4 - Microstructure of Zirconium 702 200x (left) and 500x (right) magnification 

 
To determine the influence of the sample size on mechanical properties, an average grain size 
evaluation was executed. The average grain size was evaluated according to ASTM E112 
standard for the linear intercept method and the results are summarized in Table 2. 

Table 2 - Average grain size evaluated according to ASTM E112 standard for the linear intercept method 

Grain Size of µm G 

Zirconium 702 4.75 12.0 

 

It is known that in order to reduce the scatter in measurements, not only the dimensional 
control but also the ratio between thickness and the grain size is very important. The 
following guideline is to be followed (Kumar, 2006): 

Thickness ≥ 10 x Grain size 

Due to very fine grain, a minimum difference can be assumed between the results obtained 
from standard and micro-tensile tests. 
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EXPERIMENT 

Tensile tests were performed at room temperature under different strain rates. The strain rate 
can be roughly calculated by the velocity of the actuator and the parallel length of the 
specimen, i.e. 

 
where is the engineering strain rate, V is the velocity of the actuator and L is the initial 
parallel length of the specimen, which is the reduced section in the specimen with a constant 
width. 

Thus, the maximum engineering strain rate achievable for a system can be calculated as, 

 

where is the maximum speed of the actuator that is limited by the machine capability. 
Lmin is the minimum initial parallel length of the specimen, which is controlled by the 
requirement to achieve the uniaxial stress condition throughout the parallel length of the 
specimen. The smaller the parallel length, the higher the maximum engineering strain rate is. 
Therefore, the newly developed M-TT method is convenient to achieve higher strain rates. 

The standard geometry used for the impact tester IM30T is a flat specimen with 1 mm in 
thickness, 10 mm in width and 20 mm in parallel thickness. The modified M-TT specimen 
geometry for dynamic testing are depicted in Fig 4. 

 
 

  
Fig. 5 - Left) M-TT specimen geometry with mounted strain gauge, right) modified M-TT specimen geometry 

 

Quasi-static tensile tests were performed according to CSN EN ISO 6892-1. Currently, high 
strain rate testing is not widely standardized; however, several documents with recommended 
procedures exist even for sheet tensile testing (one of them is for example (Opbroek, 2005), 
but a number of others can be found). Prior to testing, specimen dimensions were measured 
and an original gauge length for the elongation determination was marked on each specimen. 
After the test, yield stress was determined as well as tensile strength. The final gauge length 
was also measured after the test and elongation after fracture was evaluated.  

Both the servo-hydraulic system MTS BIONIX with the loading up to 1000 mm·s-1 and the 
impact tester IM30T with impact velocity from 1000 to 7500 mm·s-1 were used. In total, 52 
tensile tests were performed. Reachable strain rates for specific combinations of the testing 
machine and the specimen geometry are calculated in Table 3.  

The test set-up for MTS BIONIX can be seen in Fig. 6 and for impact tester IM30T in Fig. 7. 

(2) 

(3) 
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Table 3 - Reachable strain rates 

 
 

   

Fig. 6 - Left) MTS BIONIX system, right) detail of strain measuring by ARAMIS 
 

             
Fig. 7 - Left) impact tester IM30T, middle) test setup with two high speed camera, right) detail of griped 

specimen with strain gauge for precise force measurement 

During the dynamic micro-tensile test, one high speed camera Phantom v711 was used for 
capturing of the specimen parallel length for further strain evaluation and the second high 
speed camera monitored the whole setup for further evaluation of unexpected phenomena 
(bad alignment, lateral oscillation etc.). The recorded images were then uploaded to the 
evaluation software ARAMIS and calibrated (based on the initial width of samples). Due to 
very fast loading, maximal speed of 680,000 fps at reduced resolution of 128 x 8 was used 
and therefore it was not possible to calculate strain distribution as precise as in the case of 
small samples under quasi-static condition (Fig. 1). However, strain development was 
possible to measure precisely.  

Vmin Vmax L  min  max

(mm/s) (mm/s) (mm) 1/s 1/s

MTS, Standard sample 0 1000 15,0 0 66

MTS, M-TT 0 1124 3,0 0 375

IM30T, Standard sample 1000 7500 20,0 50 375

IM30T, M-TT 1000 7500 3,0 333 2500

Testing Machine
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The screenshots from these cameras are shown in Fig. 8 and Fig. 9 and major strain from 
ARAMIS calculation of the M-TT under dynamic condition is depicted in Fig. 10. 

 

        

Fig. 8 - High speed camera screenshots -  

 

              
Fig. 9 High speed camera screenshots -  

 

 
Fig. 10 ARAMIS major strain of the M-TT under dynamic condition 

 

RESULTS AND DISCUSSION 

Using the standard tensile samples, the strain rate up to 66 s-1 could be reached on the servo-
hydraulic system MTS BIONIX (M/Standard). For a higher strain rates, the impact tester 
IM30T had to be used (D/Standard). Using the M-TT (M/M-TT), strain rates from  0.0015 s-1 

to 375 s-1 were reached with the use of the servo-hydraulic system MTS BIONIX and one 
type of geometry only. Moreover, improvement M-TT force measurement using strain gauges 
(which were attached on both surfaces of the specimen) enables to use impact tester IM30T 
and it makes reachable strain rate of 2500 s-1. 
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Results from standard tensile samples were compared with M-TT results at the corresponding 
strain rate (see the comparison of UTS in Fig.11 as an example) and it was found very good 
agreement. Therefore, only the obtained force-displacement records from M-TT were used for 
flow stress curves creation, see Fig 12.  

 
Fig. 11 - UTS dependence on strain rate 

 
 
 

 
Fig. 12 - Flow stress curve obtained using M-TT performed on MTS and DWT 
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CONCLUSIONS 

Within this work, tensile tests under quasi-static and dynamic conditions using standard and 
M-TT specimens were performed. The investigated material was zirconium sheet with 1mm 
in thickness. Precise strain measurement is the main problem of both high strain rate and 
small tensile specimens testing. Therefore, the high speed camera and the ARAMIS system 
were used for the evaluation of the precise strain and this solution was suitable for both cases. 
In total, 52 tensile tests were performed. 

Tests were carried out at room temperature with initial strain rates ranging from 0.0015 s-1 to 
375 s-1. Using the standard tensile samples, the strain rate up to 66 s‑1 could be reached on the 
servo-hydraulic system MTS BIONIX and for a higher strain rates, the impact tester IM30T 
had to be used. However, using the M-TT samples, strain rates from 0.0015 s-1 to 375 s-1 were 
reached with the use of the servo-hydraulic system MTS BIONIX only. Moreover, 
improvement M-TT force measurement using strain gauges enables to use impact tester 
IM30T and therefore, the reachable strain rate was up to 2500 s-1. The experiment also proved 
the usability of the M-TT for dynamic properties measurement. 

The combination of the DIC system and high strain rate testing promises the possibility to 
ensure highly precise input data for computer modelling and material behavior prediction. 
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ABSTRACT 

The evaluation of mechanical properties of in service components is a critical issue for many 
technological units in order to estimate safe residual service life. Therefore, there are being 
used and further developed non-destructive as well as semi-destructive testing methods 
allowing material properties evaluation of the operated components. Some methods are using 
empirical correlation allowing of conversion of some measured characteristics into 
“standardly” used terms (e.g. Small Punch Test, Automated Ball Indentation..). Some other 
methods focus on miniaturization of standard shape testing samples. Basic properties used 
mostly for the service life evaluation are tensile strength, impact notch toughness or impact 
notch toughness transition curve, fracture toughness, creep and high cycle fatigue.  

The current paper is dealing mainly with high cycle fatigue properties determination with the 
use of mini samples that can be extracted out of in service components. Additionally, small 
size Micro-Tensile Tests are being also applied in order to provide initial stress levels for 
subsequent high cycle fatigue tests. The material investigated is precipitation hardening steel 
X1CrNiMoAlTi 12-11-2. Small size specimens are extracted from the experimental block by 
Electro Discharging sampling machine that is used for a real in-service components sampling 
in order to keep current experimental program as close to reality as possible. Tensile test 
properties as well as high cycle properties are assessed with the use of small size specimens 
and standard size specimens. Very good agreement is found between both specimens sizes 
proving possibility of small size specimens’ application to residual service life assessment 
with higher accuracy in comparison to the methods using empirical correlations for the 
properties evaluation.  

Keywords: High cycle fatigue, Tensile test, small size samples techniques, precipitation 
hardening steel, Digital Image Correlation (DIC). 

 

INTRODUCTION 

The current paper is going to present potential of small size samples application to mechanical 
materials properties determination. The aim of these methods application is the residual 
service life evaluation, evaluation of local material properties and material properties 
assessment in cases when limited volume of the experimental material is available (e.g. 
development of nanostructures materials by sever plastic deformation methods, development 
of special thermo-mechanical treatment with the use of physical simulators…). There has 
been developed several non-destructive or semi-destructive methods such as Small Punch 
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Test (SPT) (Konopik, 2012) or Automated Ball Indentation (ABI) (Haggag, 1993) used for 
considered purposes.  

Drawback of these methods is they are using for the properties quantification some 
correlations with limited validity and higher tolerance bounds stemming from the 
measurement and evaluation uncertainties and also accounting for different loading modes 
between these methods and standard testing methods (e.g. SPT x Charpy impact notch 
toughness, ABI x fracture toughness,...).  

Therefore development of small size specimen techniques using miniaturized standard size 
samples is important, because these tests maintain very important advantage - the same 
loading mode as standard test samples (Brynk, 2012). Problem with samples miniaturization 
is mainly availability of appropriate measuring devices suitable to test samples of volume of 
few cubic millimeters. Load transducers are not so critical, but for example direct strain 
measurement on mini-tensile sample requires special optical methods, such as Digital Image 
Correlation (DIC), that are widely available just recently. Using advantage of application of 
the newest measurement equipment and techniques, miniaturized samples can be successfully 
used providing much more reliable data than presently used methods using correlation 
approach. Furthermore, such a data can be used as an input data influence on FEM simulation 
(Dzugan, 2014) or for calibration of fracture locus (Spaniel, 2014). 

The experimental program here is performed on X1CrNiMoAlTi 12-11-2 steel. There are 
performed standard tensile tests and high cycle fatigue tests as well as small size tests. Small 
size samples are machined from the experimental material extracted by portable sampling 
device. The device is used for material extraction from real in service components in order to 
simulate real component service life assessment, where material has to be extracted without 
the component destruction. Results obtained are very positive, very good agreement between 
standard size and small size specimens is found for the material investigated. 

 

EXPERIMENTAL MATERIAL 

The experimental material X1CrNiMoAlTi 12-11-2 stainless steel is considered here. The 
chemical composition of this steel alloy is summarized in Table 1. It is precipitation hardened 
stainless steel of very high purity. It exhibits excellent mechanical properties in the 
longitudinal and transverse directions and also excellent balance between strength and 
toughness properties, and very high fatigue resistance, too.  

Table 1 Chemical composition of X1CRNIMOALTI 12-11-2 steel alloy 
C Si Mn Cr Mo Ni Al Ti 

<0.002 0.020 0.037 12.635 1.922 9.886 1.465 0.324 

Prior to testing the material was heat treated according to the red curve, as shown in Fig. 1. 
The solution annealing was conducted at 532 °C for 8 hours in air. In accordance with the 
temperature conditions and Fig. 1, the final UTS should theoretically reach around 1,640 
MPa. The surface of semi-finished rod bar was protected by Tinderex paint prior to annealing 
in order to minimize decarburization. Due to the dimensions of the bar, the heat treatment 
consists of an extra holding time at 350 °C for 30 minutes. The heating rate was conformed to 
the diameter of 200 mm and was set at 10 °C per minute. After 8 hours at 532°C, the round 
bar was quenched in water. The microstructure consists of low-carbon martensite with high 
concentration of secondary particles. The microstructure obtained is shown in Fig. 2. The 
particles are randomly distributed in the matrix and located in grains and on grain boundaries. 
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The average grain size of 9 µm was evaluated according to ASTM E112 standard for the 
linear intercept method, see Table 2. The grain size evaluation helps to estimate the grain size 
effect (Heming, 2007, Kundan, 2006).   

 

Table 2 - Results of average grain evaluated according to ASTM E112 standard 
for the linear intercept method 

Grain Size of µm G 

X1CrNiMoAlTi 12-11-2  
core 8.59 10.0 

edge 9.28 10.0 

 

 
Fig. 1 - Tempering diagram, aging time of 8 hours at 532 °C  

 

 
Fig. 2 - Microstructure of X1CRNIMOALTI 12-11-2  steel 

after heat treatment; 500x magnification 

 

STANDARD TENSILE AND HCF TESTS 

As a verification of sub-size specimens test results, the standard tensile and high cycle fatigue 
tests were carried out on the material investigated. The orientation of the specimens was 
strictly observed during the sampling and kept the same for all specimens. In order to evaluate 
properties homogeneity over the investigated work-piece, tensile test specimens were 
extracted from the surface and also from the central part.  In the case of HCF tests, only 
specimens from the edge “K” were considered. All tests were carried out at room temperature. 

Samples for standard tensile tests were cut out from the core and edge of the round bar in the 
longitudinal direction. There were extracted and tested three specimens from each sampling 
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location. Labeling denotes the sampling location, “S” means core, “K” states for edge. Tests 
were conducted on servo-hydraulic testing system Inova with a load capacity of 200kN at 
temperature 20 °C. Tensile test strain rate of 0.0004s-1 was applied. The tests were performed 
according to CSN EN ISO 6892-1, Metallic materials - Tensile testing - Part 1: Method of 

test at room temperature. A longitudinal deformation of a loaded specimen was measured by 
means of mechanical extensometer with gauge length of 25 mm.  Dimensions of the samples 
were measured prior to the testing and after the test for determination of stress and plastic 
behavior quantities determination (Young´s modulus - E, Proof stress - YS, Ultimate Tensile 
Strength - UTS, Uniform Elongation - UA, Elongation - A and Cross Section Reduction - 
CSR). The average values of tensile test results is summarized in Tab. 3. 

 
Tab. 3 - Average standard tensile test results 

Specimen 
Temp. E YS UTS UA A CSR 

°C GPa MPa MPa % % % 

Avg. K 20 212,8 1592,1 1648,3 1,0 11,5 61,7 

Avg. S 20 211,6 1553,9 1608,1 1,1 11,6 59,8 
 
High Cycle Fatigue (HCF) tests were conducted on the magneto-resonant fatigue testing 
machine Vibrophore Rumul for loads up to 250 kN  in tension-compression mode with load 
ratio of R=-1. Batch of 10 test-pieces with diameter of 8 mm loaded at various stress levels 
was tested. 

Tests were carried out in load control mode at frequency of about 120 Hz. Specimens were 
cyclic loaded until failure using a sinusoidal waveform. The amplitude was kept at a constant 
value throughout the test and the number of loading cycles to failure was indicated. The test 
control parameters were recorded as well next to standard data to ensure that any peaks in 
applied load didn't exceed desired load level throughout the test. Each test was terminated at 
specimen failure or after reaching 107 cycles. 

Prior to these tests, tensile test were conducted and evaluated. According to the tensile test 
results, the first loading levels were proposed. In the case of the first specimen, the loading 
level was set as 2/3 of YS. Further loading levels were chosen according to previous tests at 
different levels.  

The Wöhler curve was compiled on the basis of measured values. The fatigue limit σC was 
evaluated as the highest value at which the sample didn’t crack even after 107 cycles. 

 

MATERIAL SAMPLING AND SUB-SIZE SPECIMENS 

In the case of sub-size specimens testing, a special procedure was applied to the experimental 
material extraction, simulating a real process of the material extraction from in service 
components. All sub-size specimens were subsequently machined out of such an extracted 
material. The size of specimens was adjusted to fit into the available volume of the 
experimental material that is possible to extract in semi-destructive manner. Tensile tests and 
mainly high cycle fatigue tests were carried out on these test-pieces. 

A portable electric discharge sampling equipment (EDSE) features easy handling, low-
pressure coolant circuit (minimize spatter), quick electrode release and replace and a 
possibility to design own geometry and last but not least high sampling efficiency. Due to this 
fact the device is suitable for an in situ sampling out of in-service components, Fig. 3. The 
device enables to adjust a wide range of work-piece thicknesses whereas the work-piece width 
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of 20 mm is given by the electrode geometry. The thickness of the extracted material can be 
up to 5 mm.  In our case, the depth was set to 4mm using the adjustment screw. Used 
electrodes were customized in order to reduce a stress concentration on edges and were made 
of W-Co alloy. Each extraction took approximately 1 hour. Three small materials were 
extracted. The influence of electro-erosive machining on the work piece is demonstrated in 
the Fig. 4. The depth of the affected layer appeared to be slightly less than 10 µm thick. 

 

   
Fig. 3 - The set-up of EDSE; whole device set up on the left and extracted piece detail on the right 

 

 

Fig. 4 - Influence of EDS machining on microstructure - affected depth is less than 10 µm 
 
Sub-size specimens’ dimensions and geometries were developed on the basis of available 
extracted piece of the experimental material.  The material volume is limited and thus 
specimens’ size and its distribution within the extracted material was carefully plan in order to 
utilize maximum of the material available for test-pieces. Specimens outline and cutting 
scheme within the extracted piece of material can be seen in Fig. 5. 

Following specimen geometries were proposed for a tensile test (Fig. 6a) and a HCF test (Fig. 
6b). Specimens were produced by CNC turning center. A surface roughness of the specimens 
after CNC turning didn't exceed 1.4 µm, as it was measured with a Surtronic S25 
profilometer. Results of the surface roughness measurements can be seen in Fig. 7. In the case 
of HCF specimens after turning, grinding was applied to reach the average roughness of 
0.2µm by means of wet sanding with 320, 600 and 1200 grit silicon carbide sandpapers. 
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Fig. 5 - Specimens cutting scheme within EDSE extracted material 
 
 

 

  (a) 

 

 

(b) 
 

Fig. 6 - The geometry and dimensions of mini tensile (a) and fatigue specimens (b) 
 
 
 

 
Fig. 7 - A surface roughness tester record 
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MICRO-TENSILE TEST (M-TT) 

M-TTs (Gianola, 2009) were performed at room temperature at the same quasi-static strain 
rate as in the case of standard samples strain rate of 0.0004 sec-1. Tests were performed with 
the use of the testing machine using a linear drive with a loading capacity of 10 kN. A tensile 
load was applied to a specimen until fracture. Strain measurement was done with the use of 
Digital Image Correlation (DIC) system.   

Test samples were taken from a large metal block using the EDSE and furthermore the work-
piece was machined with a classical machine tool to reach its final shape in Fig. 6a. After 
finalization of samples machining, the diameter was measured and recorded. Three micro-
tensile tests were prepared. A white coat was applied on the sample surface. Subsequently, 
black color was sprayed over the white layer in order to create fine, random speckle pattern 
with high contrast necessary for DIC measurement.  The number and size of speckles depends 
on an area of interest and on a resolution of CCD camera. DIC system enables accurate 
displacement and strain measurements (Leitão, 2012). A strain distribution is shown in Fig. 8. 
In this case, DIC system served as an optical strain gauge. Individual images are captured by 
CCD camera with a particular frame rate in order to describe the sample behavior throughout 
a test. The calibration of the system is provided by an operator either before or after a batch of 
tests. Prior to testing, a verification of the alignment of the testing machine was made using 
alignment fixtures. This eliminates the imposition of bending strains and stresses on 
specimens under the test. The start of testing machine and the image capturing is at the same 
time to ensure that both times correspond to each other. At this point, there is no barrier to 
determine mechanical properties such as E, YS, UTS, UA, A and CSR and construct stress-
strain curves. The elongation A5 was not directly evaluated because of too short gauge length 
of the sample. Thus the following equation (1) was used for an evaluation of elongation 

   07 � 89:∗;<=>�9:'9?89:�∗;<:
;<=     (1) 

where 

A   is elongation [-], 

UA  is uniform elongation [-] and 

L0  represents initial gauge length [mm]. 

Index “m” is for originally measured values with considered gauge length (in the current case 
= 1) and “x” is the factor specifying gauge length to which are originally measured values are 
converted (5 in the current case) (Dzugan, 2010). 

 
Fig. 8 - Strain measurement by means of DIC on micro-tensile samples 
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Micro-tensile tests results are summarized in Table 4. Very good agreement between sub-size 
and standard size specimens can be clearly seen from the Fig. 9, which is in agreement with 
previous findings in (Džugan, 2014). The average mechanical properties are following: E = 
214 GPa, YS = 1593 MPa and UTS = 1646 MPa. As clearly seen from table 3, there is not a 
huge scatter between standard and sub-size tensile test results. The crack occurred within the 
specimen gauge length and a significant necking process was observed during the test. 
Mechanical properties were reached without any numerical correlations except for an 
elongation (A5). The elongation was computed based on equation (1). 

 

Table 4 - Results of micro-tensile tests and comparison with standard tensile tests 

Specimen 
Temp. D0 Du E Rp0,2 Rm Ag A5 Z 

°C mm mm GPa MPa MPa % % % 

MT1 20 1.50 0.92 211.8 1594.9 1640.8 1.2 10.9 62.4 

MT2 20 1.50 0.91 215.8 1592.3 1650.6 1.4 10.9 63.2 

MT3 20 1.50 0.92 212.4 1593.2 1645.5 1.4 10.9 62.8 

 

 
Fig. 9 - A micro- tensile test record in comparison with a standard tensile test record 

 

SUB-SIZE HIGH FATIGUE TEST 

HCF tests on miniaturized specimens were conducted on the resonant fatigue testing machine 
Vibrophore Rumul for loads up to 20 kN in tension-compression mode and on servo-
hydraulic testing machine MTS Bionix with load-carrying capacity of 25 kN. Tests were 
carried out in load control with load ratio of R=-1 at frequency of about 50 Hz. Dimensions of 
samples were measured using an optical measuring system to avoid scratching. If a scratch 
occurred the surface, it was additionally regrinded and measured. Wedge grips are attached to 
the testing machine in appropriate way to avoid bending stresses that was done with the use of 
alignment fixtures. After this, a fatigue specimen was put in jaws of the testing machine and 
the pre-load was set to zero. All tests were conducted at room temperature. According to the 
micro-tensile test results, the first loading levels were applied. In the case of the first 
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specimen, the loading level was set as 2/3 of 1590 MPa (YS) as in the case of a standard 
HCF. Each test was performed until failure occurred or after reaching 107 cycles. Size 
comparison with a standard HFC specimen can be seen in Fig. 10. 

 
Fig. 10 - Comparison of HCF specimens 

 

Obtained results from sub-size and standard fatigue tests are shown in Fig. 11. This test 
results are presented as the number of cycles to failure which are plotted against the stress 
amplitude in the semi-logarithmic scale. Red dots represent sub-size HCF tests and the green 
line denotes its fatigue limit. Those of specimens which survived 107 cycles are denoted by 
arrows. Sub-size fatigue test results exhibit higher scatter and this corresponds to fit 
correlation coefficient R2 of 0.66. This fact shows a worse fit of linear regression in 
comparison to the standard one. This is expected feature and it can be caused by several 
factors such as an inhomogeneity of steel which is represented by secondary particles in the 
matter, notch sensitivity, or surface conditions. The summary of fatigue limits is shown in 
Table 5. The results obtained with the use of both specimen batches yield very similar results 
that is very positive result. 

 
Fig. 11 - S-N curve of X1CrNiMoAlTi 12-11-2 steel for Sub-size and Standard HCF tests 

 

Table 5 - Results of standard and sub-size HCF tests 
Type of test Fatigue limit [MPa] 

Non-standard HCF 720 
Standard HCF 730 
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After fatigue tests, the fracture surface morphology of selected specimens was examined with 
the aid of a JEOL JSM 6380. The fracture surface morphology of sub-size specimen shows 
a good agreement in comparison with standard ones. On the fracture surfaces, the fine 
striation and the fracture initiation were observed, see Fig. 12. Mostly, the fracture initiation 
was caused by randomly spread particles which act as a fatigue crack initiator. 

 
(a) Sub-size HCF at 55x magnification (c) Standard HCF at 15x magnification 

 
(b) Sub-size HCF at 220x magnification (d) Standard HCF at 100x magnification 

Fig. 12 - Fracture surface morphology of broken high cycle fatigue samples 

 

DISCUSSION 

The effect of electro-erosion machining on the microstructure of a MLX17 high strength 
stainless steel is evident in the Fig. 4, but on the other hand, in this case, the influence of 10 
µm thick layer is negligible because this layer is removed during subsequent machining. 
Despite this fact the erosion influence could have an influence on an in-service component, 
but this is beyond the scope of this work (Mower, 2014).     

A few well known effects of EDSE on surface of in-service components and their 
minimizations: 

- Electrode geometry - optimal electrode designs could reduce the effect of a cutting 
which might cause, in certain circumstances, as a fatigue crack initiator.  
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- Structure degradation - for these reasons, it’s recommended to grind off a thin degraded 
layer on the component surface. Corrosion products may cause an early rupture of the 
component. 

The obtained stress - strain curves and results of sub-size tensile tests are fully comparable 
with the results of the standard ones. The crucial factor for determining of yield strength is the 
elastic modulus. Its determination was carried out using DIC system which employs the 
ARAMIS system and very good agreement with typical values for this kind of the material is 
found, even for this kind of very sensitive measurement. Due to the specimen geometry, short 
gauge length mainly, it is not possible evaluate elongation A5 directly. It had to be 
(re)calculated based on the experimental equation (1). This enabled to compensate a short 
specimen gage length. Resulting values of the evaluated elongation are also in very good 
agreement with the results obtained for standard size specimens. Even in the case of cross 
section reduction evaluation, very close values were attained for both specimen geometries. 

HCF Testing of smaller samples usually leads to a higher data scatter that is partly visible on 
the results obtained. However, the data scatter for sub-size specimens is very reasonable and 
fitted trends for both data sets overlap each other and the data obtained clearly belong to the 
same population. The slope of the regression line shows a similar trend and the intercept at 
107 cycles is almost identical (difference of 2%). In accordance with this, sub-size tests give 
very promising results, as it is shown in Table 4. In order to obtain statistically more reliable 
data, stair case method can be applied. However, in case of real tests, there would be hardly 
available sufficient material for extensive stair case testing. The results obtained provided 
very good agreement between sub-size and standard size test pieces, thus the specimens 
dimensions shown here is suitable for high cycle fatigue material behavior assessment. 

 

CONCLUSION 

The presented work is dealing with mechanical properties evaluation of X1CrNiMoAlTi 12-
11-2 steel that is used for high loaded components such as parts for aerospace, high pressure 
pumps or offshore applications. There are high demands on a safe service life of this kind of 
components and thus possibility of evaluation of actual material properties after several years 
of use is essential. Therefore some non-destructive or semi destructive method has to be 
applied in order to assess actual properties and out of that stemming residual service life. 
There are used small size specimen testing methods such as Small Punch Test, Automated 
Ball Indentation or some others using correlation between measured terms and terms used for 
mechanical properties quantification such as tensile strength, yield stress and so on. Big 
advantage of those methods is its simplicity. On the other hand its big disadvantage is 
uncertainty of the correlation approach used for the material considered.  

The work presented here shows results of high cycle fatigue tests and tensile test with the use 
of sub-size specimens loaded in the same manner as standard size specimens. This leads to 
significantly higher accuracy of the data measured with this kind of approach. Main reason 
why there is a higher accuracy is that there is not converted different loading mode from one 
test geometry to the other one. Then, the only unknown in the evaluation remains the size 
effect on considered tests. When this size effect is quantified by FEM simulation or 
experimentally or by both methods simultaneously, a reliable size conversion factor can be 
obtained, if necessary. The current results clearly shown that with the use of similar material 
volume as in the case of e.g. Small Punch Test, there can be machined miniaturized tensile 
and high cycle fatigue specimens that yield fully comparable results with standard size 
specimens. 
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ABSTRACT 

In this paper the study and design of a monitoring system for intermodal freight wagons is 
presented. The prototype of the On Board Unit, realized within the research group of Railway 
Engineering of Politecnico di Torino is installed and tested on a intermodal freight wagon. 
Significant advances have been made in the field of freight train monitoring. In the last years 
many company have presented specific devices with the aim of monitoring the operating 
condition of good wagons. The developed prototype was tested on real track. The main 
vehicle parameters monitored during the tests were: the temperature of brake blocks, the 
operating pressures of the brake system and the vehicle accelerations. This paper present in 
particular the vertical and longitudinal accelerations monitored with the triaxial accelerometer 
installed on the chassis of the wagon. The significant amount of measured data is therefore 
used to develop diagnostic algorithms using the vibration analysis and to design an energy 
harvester to power the system. 

Keywords: Freight train monitoring, vertical acceleration, vibration, condition-based 
maintenance. 

 

INTRODUCTION 

In recent years, the interest in monitoring the operating conditions of freight wagons has 
grown significantly as shown in numerous publications [1],[2],[3],[4],[5] and by the first 
devices dedicated presented on the market. Some solutions are focused on the bogie and its 
components while other on the transported goods. 

The companies operating in this sector need to know the conditions of their wagons to be able 
to plan targeted maintenance and to reduce the costs connected with these operations. In the 
absence of continuous monitoring information, scheduled maintenance is realized to prevent 
faults that could lead at most to the discard of the wagon or, in the worst case, to derailments 
with serious consequences for the rail wagons and the infrastructure. Currently, the only 
information available is provided by the equipment installed along the railway network, 
separated by tens of kilometers. On the contrary, a good monitoring system should provide 
information on when and where you are experiencing a problem. The vibration value is the 
most commonly used parameter, along with the temperature, in the development of diagnostic 
and monitoring systems for different applications.  

The acceleration values are studied in order to develop algorithms that can identify different type of 
problems such as derailment, wheels flat, bearings wear and faults and interaction with the railway 
track. Peter J Wolfs et al. [6] presented a prototype for online analysis of vehicle body motion 
signals to classify the vehicle response to the track and to detect potential derailments. Xiukun W. 



Topic-B: Experimental Mechanics 
 
 

-356- 

[7] presented a wheel flat method based on the vehicle system acceleration, they used a 
SYMPACK model to analyze the fault signal. Shafiullah G.M. et al [8] developed a model using 
linear regression algorithms to predict vertical acceleration in the rear side of the wagon 

 
THE	MONITORING SYSTEM 

The monitoring system (Figure 1)  developed by our research group [12] [13] consists of a 
data acquisition system based on a microcontroller, a temperature sensor, three pressure 
sensors, a GPS module with external antenna, a SD memory and a triaxial accelerometer [9].  

 
Fig. 1 - Monitoring system diagram 

The wagon on which the developed monitoring device has been installed is an intermodal 
wagon, type “Sggmrs”, which is a special type of wagon used for container transporting. This 
is a two-unit articulate wagon with 3 bogies Y25 for a total of 6 axles (Figure 2). 

 
Fig. 2 - The wagon monitored 

 

The monitoring system is installed in a box (protection degree IP66), schematized in Figure 2 with 
the green rectangle, fixed to wagon by threaded connections.  

At this research stage only the central bogie has been sensorized because, being the most 
heavily loaded, it is the most stressed during the braking operations. The installation of the 
monitoring device is made following a complete inspection of the wagon in such a way that 
the data recorded during the monitored installation are not influenced in any way by faults or 
malfunctioning. The information thus obtained made it possible to establish what levels of 
temperature, pressure, and acceleration characterize the operation of this type of wagons in 
optimum conditions. 

 

PRESSURE SENSORS 

In accord with the operating pressure of the braking system, we decided to install three 
pressure sensors with a measuring range from 0 to 7 bar. The resolution of the pressure sensor 
obtained by our monitoring system is 7 mbar. The system pressure is obtained by connecting 
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the sensors in the same attachment points used during the periodical brake tests. It is possible 
to monitor the pressure of the brake pipe, the brake cylinder, and the weighing valve of the 
central bogie. The pressure value of the weighing valve is essential to correctly estimate the 
mass of the load transported. 

The pressure sensors, after having been calibrated in the laboratory, were tested in the 
maintenance workshop connecting them to the braking system. To make this link, we used the 
diagnostic connection on the braking system. With the brake tester equipment, we supplied 
known value of pressure to the braking system. Then this data were compared with those 
provided by the monitoring system. The mean of the relative errors of the various 
measurements is 3.2%. 

 

ACCELEROMETER 

The acceleration values shown in this paper are recorded with a triaxial accelerometer  mounted 
inside the box. For this sensor we adopted a measurement range of ±16 g. We acquired the data 
with a sample rate of 200 Hz and every second we save on the SD memory the RMS (Root Mean 
Square) value with the maximum and minimum value measured for each axis.  

The RMS values are calculated with the equation (1): 

1@AB � 	CD
, 	�1DE � 1EE �⋯� 1,E  (1) 

The vertical acceleration value, in addition to providing an important information on the interaction 
of the wagon with the railway track, represents an excellent basis for the correct dimensioning of 
an energy harvester device [10] able to satisfy the energy consumption of the system. 

 

RAILWAY LINE MONITORED 

The railway line traveled by the freight wagon, owned by the intermodal transport company 
Ambrogio Trasporti S.p.a., connects the terminal of Turin (IT) to the one in Mouguerre (FR), 
for a total length close to 1400 km, as shown in Figure 3. 

 

Fig. 3 - The monitored railway line 
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During the measurement campaigns, we monitored a total of about 28000 km on the same line. 
This data represented a large database for the development of monitoring and diagnostic 
algorithms.  
 

RESULTS  

The triaxial accelerometer mounted inside the box installed on the freight wagon chassis 
allowed to monitor the vertical and longitudinal acceleration of the wagon. 
During the activation of the brake it is possible to synchronize the measurement of the brake 
cylinder pressure variation with the longitudinal deceleration and with the increase of 
temperature of the brake blocks.  

Kwowing the geometric dimensions of the braking cylinder that acts on the central bogie and 
monitoring the pressure values during the braking phases was possible to define the total 
braking force (H) that act on the central bogie monitored. The formula (2) used is the 
following:  
 

H = p A β (2) 
 
Where p is the pressure inside the brake cylinder, A is the brake cylinder area and β is the 
multiply coefficient obtained by the brake lever.  In this braking system β is equal to 2. 

In order to characterize the intensity of each individual braking it was calculated the integral 
mean of the force H, for all the braking of the different journey, with the following formula 
(3): 
 
     

(3) 

 

The information related to the position of the train, collected using GPS, is extremely 
important because it allows to know the position and speed of the train and to correlate the 
parameters measured. We used it to obtain the braking distance (d) and to calculate the mean 
deceleration ab during braking (4): 
 

GH � 	 IB
E	 
 	IJE
2	K	  (4) 

Where ss represent the speed of the wagon when the braking start, sf the speed at the end of 
the braking and d is the braking distance. In this analysis, we take into account only braking 
in plain. The results obtained are synthetically shown in Figure 4.  

The previous figure summarise the results of four different journeys. It is possibile to notice, 
as planned, the linearity relationship between the two  physical quantities. The value 
monitored and presented are in line with those reported in literature [11]. The correct 
operation of the braking system has allowed to obtain extremely repeatable measurements.  

Figure 5 - 8 shows the trend of the longitudinal acceleration of the wagon in relation to the 
brake cylinder pressure. As can be seen in the RMS value of the longitudinal deceleration 
present the same trend of the pressure in the brake cylinder. In the figures are reported partial 
braking to modulate the speed of the train, so the maximum pressure value reached in the 
following figure is 1.5 bar. 
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OJ 
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Fig. 4 - Mean longitudinal deceleration during braking 

 
The numbers reported in Figure 3 are referred to the cases analysed in Figure 5 - 8 in order to 
allow the reader to understand the position of the different braking events along the monitored 
railway line.   

 
Fig. 5 - Case 1 - Outward Journey A 

 
Fig. 6 - Case 2 - Outward Journey A 

 

 
Fig. 7 - Case 3 - Outward Journey A 

 
Fig. 8 - Case 4 - Outward Journey A 
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Fig. 9 - Case 5 - Outward Journey B 

 
Fig. 10 - Case 6 - Outward Journey B 

 

 

 
Fig. 11 - Case 7 - Outward Journey B 

 
Fig. 12 -  Case 8 - Return Journey B 

 
The value of the accelerations, showed in the graphs, are summarized in Table -1: 
 

Table 1 – Summary of accelerations 

Case 
Mean Longitudinal Deceleration 

[m/s
2
] 

Mean Longitudinal RMS 

[m/s
2
] 

1 0,32 0,35 
2 0,31 0,33 
3 0,28 0,30 
4 0,31 0,33 
5 0,38 0,40 
6 0,37 0,40 
7 0,32 0,36 
8 0,22 0,25 

  
The values of the first coloum are calculated with the formula (4) while the secondo coloum 
are calcolated as mean of the RMS value calculated and saved by the monitoring system 
during the braking.    

 

CONCLUSION 

In this paper, we presented the realization, the installation, and the first results obtained from 
the modular monitoring system dedicated to intermodal freight wagons developed by the 
Politecnico di Torino. The data collected made it possible to obtain information on the 
dynamics of the train during braking.  
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This first data represent an initial database for the future development of diagnostic and 
monitoring algorithms for the dynamics of the freight wagon. 

The RMS longitudinal acceleration is compared with the GPS velocity deceleration data. The 
pressure signal measured by means of on sensorized on board unit is correlated with the 
longitudinal deceleration. Comparing different journey in different days a bid data set confirm 
that deceleration trend could be directly linked with the breaking pressure signal. This 
measurements dataset give the possibility to develop a more simplified On board Unit in order 
to derive the breaking behavior by means of imitated number of sensors. 

The next data analysis will focus on the study of the impact of the high temperature of the 
brake blocks on the braking force and braking distance.  
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ABSTRACT 

This work focuses the application of fusion of vibrational condition indicators (CI) using 
multivariate non-Gaussian statistic distributions to characterize and discriminate fault 
conditions in a helicopter oil cooler system. Gaussian Mixed Models (GMM) is applied to 
describe a set of health and fault states using the Expectation Maximization Algorithm (EMA) 
with optimized parameters. Clustering of health and fault states are performed based on 
confidence intervals (p-values) of identified GMM probability density function and proper 
statistical distances calculated from the identified GMM states, including a generalization of 
the Mahalonobis Distance (MD) for GMM and the Kullback-Leibler (KL) divergence. The 
complete process of the system diagnostic is optimized: from selection of training data and 
CI’s to fitting the GMM and the applicability of several fused Health Indicators (HI). 
Performances are compared by ROC curves and computational time. 

Keywords: health and usage monitoring systems, Gaussian mixed models. 

 

INTRODUCTION 

Health and Usage Monitoring Systems (HUMS) are an important new development for 
improvement of safety and reduction of maintenance cost. A HUMS generally employs 
accelerometers, from which Condition Indicators (CI’s) are calculated. A high value of such a 
CI may indicate a specific failure (Bechhoefer, 2007). Each critical component contains 
vibrational sensors, from which several CI’s can be calculated to detect different types of 
failure (Bechhoefer, Duke and Mayhew, 2007). This detection is based on the premise that 
characteristics of data remain relatively unchanged, until structural damage alters the dynamic 
properties of the system and its measured responses. When the number of components and 
failure modes increases and each CI has his own alarm threshold, either the probability of 
false alarm is unacceptable or a lot of failures will be missed. Besides, system overview and 
dependency between CI’s is lost. Therefore, it is generally chosen to combine multiple CI’s of 
a given component into one overall Health Indicator (HI). The system is now described by a 
multivariate statistics, and on the assumption of normality, a multivariate Gaussian can be 
fitted. Anomalies can be tested using the χ2-distributed Mahalanobis Distance (MD) or 
Hotelling’s T2 statistic (Gomes et al., 2011). If, however, normality cannot be assumed, a 
general solution is to approximate the distribution by a Gaussian Mixture Model (GMM) 
(Gomes, 2007). The complete processes is addressed by selecting the proper CI’s, choosing 
the training and testing data, fitting the GMM distributions of the health and fault states, 
converting the fused data into an overall HI and finding the proper threshold to optimize the 
fault detection. 
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RESULTS AND DISCUSSION 

The ROC curves for differently selected training data are shown in Figure 1, while the 
number of components, k, the AUC and the computational time for each curve are given in 
Table 1. The CI’s used are the kurtosis and the amplitudes of the first three harmonics. The 
best fit is chosen by the Akaike Information Criterium (AIC) out of a �-range from 1 to 6 for 
the data fractions and from 6 to 12 for the database-trained GMM. The Probability Density 
Function (PDF) of each data point is used as HI. It can be seen that the performances are very 
good, since the Area Under the ROC Curves’s (AUC) are high and the curves are very close 
to the upper left corner. This implies that the healthy data of the different helicopters overlap 
well and that using such a database for training services is allowed in this case.  

Table 1 - Properties of the ROC curves for several sets of training data 

Data k AUC Time (s) 

First 30% 3 0.9934 4.83 

First 50% 3 0.9985 6.40 

First 70% 3 0.9998 30.65 

Database 10 1 41.77 

 

 
Fig. 1 - ROC curves for several sets of training data 
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ABSTRACT 

The head of SI engine, in which are pressed intake and exhaust seat valves is one of the most 
complex part of the SI engine. There are stored in it intake and exhaust ports, spark plug, the 
timing mechanism and channels for cooling and lubrication. Much of the final form of this 
component also contributes its load, which is both thermal and mechanical. The biggest 
influence on deformation inserted seat valves has a temperature distribution in the cylinder 
head. These temperatures are influenced by many factors, including temperature and coolant 
flow, load and engine speed, which affect the combustion process and exhaust gas 
temperature (these factors in normal mode, the engine is constantly changing, therefore the 
thermal load valve seat is different). The paper describes the temperature measurement in 
hard to reach places in the cylinder head of the engine when operating on alternative fuel - 
namely butanol and a mixture of gasoline and compares the temperature on the valve seats 
when operating on alternative fuel and gasoline. 

Keywords: butanol, SI engine, cylinder head, temperature, thermocouple, valve seats. 

 

INTRODUCTION 

The cylinder head of the automotive four-stroke engine is used to close the cylinder chamber 
and to create a system for exchanging the cylinder charge between work cycles. Construction 
of cylinder head depends on the engine type, the method of solving the timing device, the 
number and distribution valve, supply and exhaust ports, spark plug location, injectors, 
combustion chamber solution, a method of cooling the engine etc. 

For trouble-free operation must be assured coolant supply in critical areas. The main supply is 
directed to the most critical point which is between the seat of the exhaust valve and injector, 
or between the plug and the valve seat together. Secondary supply is performed under the 
exhaust channel by promoting cooling of the exhaust valve seat. Engineers are trying to make 
seats cooling intake valves and exhaust around, causing more uniform distribution of 
temperature along the perimeter of seat and provides uniform deformation, which do not 
releasing valve seats. Priority is heat dissipation from the exhaust valve, as the most thermally 
burdened piece of the cylinder head (from the burning fuel mixture during the flue gas 
exhaust port). Reduce the heat load of the individual critical parts can be achieved by 
changing the fuel. 

Currently there is ongoing interest in and commitment to the use of renewable fuels, 
motivated by the final supplies and price volatility of fossil fuels, energy security, and 
concern about climate change caused by fossil fuels. For road transport, which is attributed to 
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the large share of total energy consumption and is almost dependent on reciprocating internal 
combustion engines burning fossil fuels, a search for renewable fuels is of paramount 
importance. Many different fuels were tested in both gasoline and diesel engines with varying 
degrees of technical and overall success. At present, it is added a small amount of ethanol and 
methyelester fatty acids into gasoline or diesel fuel. 

Butanol is the fourth from the homologous series of alcohols, which can be produced from 
biomass as well as the ethanol, but in comparison with the ethanol has significant advantages 
such as higher energy density, lower absorption of humidity, less corrosive, less heat of 
evaporation, a higher flash point and lower pressure saturation vapor [1]. Interest in butanol is 
still relatively new and is formed, wherein the published results with relatively few gaps that 
need to be filled. Published work particularly hamper the operation at several operating points 
of the engine in the laboratory conditions under typical operating conditions corresponding to 
the driving [2], [3]. 

The paper is focused on the monitoring of temperatures at valve seats of the cylinder head of 
the engine when running on gasoline, butanol and a mixture of both fuels. 

 

EXPERIMENT 

Measurement was carried out on the Skoda engine, whose parameters are shown in Table 1. 
The engine was controlled by an electronic control unit with version control software SIMOS 
11. Within the measurement was used as a fuel: n-butanol - butanol isomer straight chain and 
a hydroxyl group bonded to carbon atom extreme. This isomer has, with regard to production 
possibilities with regard to its properties, the highest potential as a fuel. 

Table 1: The engine parameters specified for laboratory measurements. 

Type SI, 12 valves, DOHC 

Bore X Stroke 76,5 X 86,9 mm 

Number of cylinders 3 

Swept volume of engine  1198 cm3 

Maximum power 51 kW 

Maximum torque 112 Nm 

Compression ratio 10,5 ± 0,3:1 

Cooling water 

The cylinder head of the engine was to measure the temperature at the valve seats compared 
to the standard engine cylinder head adjusted as follows - for shafts for ignition module has 
been increased in diameter from 23 mm to 26 mm, there is a bore of 8 holes with a diameter 
of 1.5 mm by the surfaces of the valve seat and the cylinder head of the engine to the shaft of 
the ignition module and two holes (a cylindrical unit) with a diameter of 2 mm from the 
exhaust pipe to the contact area of the valve seat and the cylinder head of the engine. 

Thermocouples are in the cylinder head of the engine kept using steel tubes of small 
dimensions. For thermocouples (diameter 0.5 mm) running shaft ignition module are selected 
steel tube of internal diameter 0.67 mm and outer diameter 0.91 mm. The tubes are in the 
shaft for the ignition module fastened by means of two spacer rings with a height of 10 mm 
relative to each other rotated. From the side of the exhaust manifold thermocouples are guided 
by steel tubes having an outer diameter of 2 mm (diameter 0.75 mm thermocouples), which 
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are in the cylinder head of the engine glued (line thermocouple passes through canals, using 
the product of Loctite 648). Fixation thermocouples is conducted using such compositions to 
ensure the power contact of the thermocouple on the valve seat. Fixation method is shown in 
the following figure. 

 
Fig. 1 - Views of fixation and ensuring positive contact thermocouple on the valve seat. On the left is a layout 

view 3D model, cut right across the assembly. 

The main part of the measuring circuit is MGCplus data logger, enabling capture up to 2400 
samples per second in an eight-channel amplifier design (4 amplifiers are used in eight-
channel version). Working environment for measuring and recording data is created by 
software Catman Easy. From sensors, it is possible to record a sampling rate of 2400 samples 
per second, recording time is not limited. 

For clarity and uniqueness of the measuring points are marked according to this key: label 
bearing the example. EXH3 V2, is marking the third measuring point on the second cylinder 
unit. The direction of the marking according to the clockwise direction, or left to right (f.e. 
thermocouples on intake side of the cylinder head). 

Table 2 - The technique used for measurement and signal processing on the testing device. 

Sensing data: 

MGCplus data logger (by Hottinger company) 
software Catman®Easy 

Used sensors 

Temperature Thermocouple type E, diameter 0,5mm, lenght 200mm (Omega company) - 24 pieces 

Temperature Thermocouple type E, diameter 0,75mm, lenght 200mm (Omega company) - 6 pieces 

 
 

RESULTS 

Measurements were made while the RPM full load engine characteristics. The results of 
monitored operating characteristics of the engine are shown in the following graph. Assigning 
the angular position of the measured points around the circumference of the two seats of the 
exhaust valves when "develop" in the x-axis position of the two seats in the cylinder head 
shown in Fig. 6, wherein the indication is also the first and the second valve seat in each 
cylinder in relation to the position of the spark plug. Graphs of temperature trends around the 
perimeter of the first and second valve seat are drawn in the 'mirror' display, as shown by the 
arrows around the valve seats Fig. 4 and will be contained in the presentation because of the 
considerable contribution comprehensiveness. Designation of measuring points on the valve 
seats in each cylinder is shown in Fig. 7. 
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Fig. 2 - View of measuring stations. 

 

 

 
Fig. 3 & 4. - Performance parameters of the engine for RPM characteristic when operating on Gasoline (BA95), 

Butanol (Bu100) and Mixed fuel (Bu50). 
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Fig. 5 - Percentage change in performance parameters of the engine when running on alternative fuel (butanol, a 

mixture of butanol and petrol) compared to petrol mode. 

 

 
Fig. 6 - Scheme marking the angular position of measuring points along the circumference on the first and the 

second exhaust valves seats and the orientation of the first and the second exhaust valves seats to spark plug (ZS) 
position in the engine cylinder head. 

 

 
Fig. 7 - Identification of all measuring points and their position on the circumference of the valve 

seats in each cylinder. 
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Performance parameters of the engine to run on alternative fuel or blended exhibit changes, 
especially in torque measurement. The highest increase was measured torque at medium 
speed (measured at wide open throttle) for all fuels. In contrast, in the area of speed torque 
peak there was a slight decline. This can be attributed mainly to regulation and maps in the 
ECU - have not been adapted to run on alternative fuels - reflecting the fact that they practiced 
many drivers. 

Range of measurements provides a large amount of experimental data on temperatures and 
especially the impact of various alternative fuel to temperatures in monitored locations 
exhaust valve seats. For temperatures at the valve seats is important (known) the observation 
that the temperature reduction is necessary to ensure an increase in the flow rate of coolant in 
the cylinder head parts, which are the highest measured temperature. The adjustment made to 
regulate the flow of coolant from the block to the cylinder head so far proved insufficient, 
with the result but we can assume that it will be possible in this way to seek appropriate 
solutions. 

To optimize the thermal conditions at the valve seats can be used computational modeling of 
flow coolant inside (cooling) area of the cylinder head, possible adjustments should be 
assessed primarily in terms of the feasibility of interventions in the current structure of the 
block and cylinder head. 

Table 3 - Temperature difference at each place during engine operation, Butanol 100. 

 

n [1/min] 5500 5000 4500 4000 3750 3500 3000 2750 2500 2000 1750 1500

V1_EXH1                                                         -5,5 -1,5 -1,6 -2,2 -2,8 -2,3 -1,9 -0,2 -2,5 -4,8 -4,9 -3,1

V1_EXH2                                                         -6,3 -2,8 -2,8 -2,8 -3,1 -2,5 -2,1 0,0 -2,8 -5,6 -5,7 -4,0

V1_EXH3                                                         -2,9 0,6 0,2 -0,2 -0,7 0,0 0,2 2,0 -0,8 -3,5 -3,6 -1,8

V1_EXH4                                                         -1,8 1,8 1,4 0,9 0,3 1,0 1,2 3,1 0,1 -2,9 -3,0 -1,3

V1_EXH5                                                         -5,0 -1,5 -1,5 -1,7 -2,2 -1,5 -0,9 1,0 -2,3 -5,4 -5,4 -3,6

V1_EXH6                                                         -5,0 -1,3 -0,8 -1,2 -2,0 -1,4 -1,0 0,3 -2,5 -4,6 -5,0 -2,9

V1_EXH7                                                         1,2 4,4 4,9 3,6 3,2 3,9 3,5 4,5 2,0 -0,6 -1,3 0,3

V1_EXH8                                                         1,4 5,3 4,6 3,5 2,6 2,9 2,8 4,9 2,5 0,0 -0,4 1,1

V2_EXH1                                                         -5,7 -1,8 -1,8 -1,6 -3,3 -2,1 -1,3 -0,2 -2,5 -4,8 -4,1 -2,6

V2_EXH2                                                         -6,7 -2,8 -3,1 -2,4 -4,2 -2,7 -1,5 0,2 -2,6 -5,8 -5,0 -3,7

V2_EXH3                                                         -2,5 1,3 0,3 0,1 -1,5 -0,5 0,5 2,2 -0,6 -3,8 -3,4 -1,9

V2_EXH4                                                         -2,2 2,4 0,4 0,0 -1,4 -0,4 0,5 2,1 -0,7 -3,7 -3,3 -1,7

V2_EXH5                                                         -5,8 -2,2 -2,2 -1,8 -3,5 -2,4 -1,3 0,7 -2,0 -5,3 -4,8 -3,4

V2_EXH6                                                         -4,9 -1,0 -1,3 -1,4 -3,1 -2,1 -1,3 0,5 -1,9 -4,9 -4,5 -2,9

V2_EXH7                                                         0,6 5,2 4,6 3,4 2,4 3,1 3,1 4,6 2,7 0,0 -0,3 1,3

V2_EXH8                                                         1,8 6,0 4,8 4,1 2,2 3,1 3,3 4,3 2,6 -0,3 -0,5 0,9

V3_EXH1                                                         -5,4 -2,7 -2,5 -3,3 -4,1 -3,7 -2,7 -1,4 -3,9 -5,9 -6,1 -4,6

V3_EXH2                                                         -5,2 -2,5 -2,2 -2,9 -3,5 -3,1 -1,9 -0,4 -3,1 -5,4 -5,7 -4,5

V3_EXH3                                                         -2,3 0,5 0,4 -0,5 -1,1 -0,6 0,4 2,2 -1,0 -3,7 -4,1 -3,1

V3_EXH4                                                         -2,2 0,7 0,6 -0,3 -0,9 -0,4 0,6 2,4 -0,8 -3,5 -3,9 -2,9

V3_EXH5                                                         -4,7 -1,9 -1,9 -2,5 -3,0 -2,5 -1,3 0,1 -2,5 -4,9 -5,3 -4,1

V3_EXH6                                                         -4,7 -1,6 -1,3 -1,8 -2,5 -2,1 -1,1 0,2 -2,0 -4,2 -4,5 -3,2

V3_EXH7                                                         0,9 4,6 4,2 3,1 2,1 2,6 2,6 3,7 1,5 -0,3 -0,5 1,0

V3_EXH8                                                         0,2 4,1 3,1 1,8 0,9 1,4 2,2 3,4 1,7 -0,1 0,1 0,9

V1_INT1                                                         -16,4 -13,4 -13,3 -13,2 -12,5 -12,0 -11,2 -8,0 -10,6 -11,6 -11,1 -8,7

V1_INT2                                                         -18,1 -15,0 -14,9 -14,2 -13,2 -13,0 -11,8 -9,1 -11,2 -11,5 -11,2 -9,0

V2_INT1                                                         -19,0 -16,1 -15,9 -14,1 -16,4 -14,9 -12,7 -9,8 -11,8 -12,6 -10,7 -8,6

V2_INT2                                                         -18,1 -14,8 -14,9 -13,3 -15,4 -13,7 -11,9 -8,7 -10,7 -12,0 -10,1 -8,2

V3_INT1                                                         -14,9 -13,0 -12,9 -13,6 -12,9 -12,9 -11,0 -8,4 -10,1 -11,3 -10,8 -8,8

V3_INT2                                                         -14,7 -12,8 -11,9 -12,3 -12,2 -12,0 -9,7 -8,0 -10,3 -10,1 -9,9 -8,0
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SUMMARY 

Temperatures on the valve seats are clearly dependent on the performance of the engine. 
Temperatures around the perimeter of exhaust valve seats are highly variable. The greatest 
temperature differences at opposed locations along the circumference of the valve seat reach a 
size of approximately 60°C. Perpendicular to the plane of the greatest temperature differences 
are temperature differences at opposite points of the circumference to the valve seat 
approximately one third. This disparity thermal load exhaust valve seats causes a deformation 
of the ring-shaped seat with possible loss of tightness. Variation of temperature along the 
perimeter of the valve seat is determined by the design of the flow channels for the coolant 
inside of the cylinder head. The highest temperature on the valve seats are of course the 
seating (sealing) surface of the valve. The temperature gradient between the sealing seat 
surface and the bearing seat surface in the bore in the cylinder head together with an 
asymmetrical cross-section inserted saddles can then cause further deformation of the valve 
seat with a further potential for deterioration of tightness of the valve. Appropriate use of 
alternative fuels allows you to lower the temperature on each valve seats and thereby reduce 
deformation of the parts without any interference into the construction of either individual 
parts of the cylinder head of the engine or cooling system. 

Temperature measurement of the valve seats is feasible. The results show that the temperature 
in the corresponding locations on each valve seat is caused by certain (but apparently 
irrelevant) changes state (i.e., temperature and pressure) and flow rate of the coolant cooling 
spaces in the cylinder head differ relatively little. The modified engine is now configured and 
ready for vehicle installation and measurements of real traffic. 
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ABSTRACT 

This paper summarizes the evidence and results of the research focused on determining the 
inertia matrix (ellipsoid of inertia) of an aggregate and a passenger car. The work describes 
a proposed computational algorithm and further presents the results of measurements. The 
measured moment of inertia matrices may be further used in practice as one of the input 
parameters for the simulation and computation. 

Keywords: measurement, inertia matrix, ellipsoid of inertia, vehicle, aggregate, engine. 

 

INTRODUCTION 

For determining moments of inertia, various methods are used. Generally, they are based 
on a principle of dependence between the moment of inertia of a body and the natural 
oscillation frequency. The basic methods for determining moments of inertia are based on the 
principle of a physical pendulum, a torsion suspension or a bifilar suspension, eventually 
a trifilar or a quadrafilar one (Aachen, 2006) (Best, 2004). Was created an experimental stand 
for determining the mass, center-of-gravity position and moments of a powertrain’s inertia 
(aggregate - combustion engine and gearbox) where necessary measurements (with the 
greatest degree of possible accuracy) were later carried out. For determining the moments 
of inertia, the indirect method of measuring the time of oscillation of the body hung on the 
unifilar (torsion) suspension was used. For providing the moments of inertia of bodies 
of more complex shapes, special preparations were used. These preparations enabled to hung 
the body in various positions onto the torsion suspension. Therefore, a subframe for gripping 
the aggregate was used. This aggregate was gripped into the subframe in a defined way so 
that the axes of the chosen system of coordinates of the aggregate were parallel with the axes 
of the system of coordinates of the subframe. Because the moments of inertia of the subframe 
are not insignificant, it was necessary to perform the measuring twice. The first one was 
performed for the assembly of the sub-frame with the aggregate. In the second case only the 
subframe itself was measured by reason of separate parameters evaluation and determination 
of elements of inertia matrix of the aggregate and the subframe. For determining the inertia 
matrix, at least six measurements are needed. In our case, at least ten measurements towards 
an arbitrary axis passing through the beginning were performed so that we would reach the 
highest accuracy and subsequent calculation of the size and position of the ellipsoid of inertia. 
In general, for n measurements we will get the matrix of n equations with six unknowns. 
In this case, these unknowns can be determined from the set of measured data by using the 
method of least squares (Brabec, 2009). These unknowns are 3 moments of inertia towards 
the relevant axes: Jx, Jy and Jz and similarly 3 deviation moments: Dxy, Dxz and Dyz. 
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PRINCIPLE OF CREATING AN INERTIA ELLIPSOID OF AGGREGATE 

AND MEASUREMENT ACCURACY 

If we plot the values of  J/1  from the origin using a specific scale as vectors along the axis 
of the suspension apparatus, the end points will form an ellipsoid of inertia in a space. 
The following simplified picture shows a process for plotting the inertia ellipsoid in the plane 
passing through the axis of the crankshaft and axes of the cylinders. Naturally, to enhance 
the accuracy, more measurements should be taken, ideally a few measurements using 
the suspension apparatuses which determine the points of the inertia ellipsoid in the proximity 
of ends of its half-axes (i.e. around the vertices of ellipse). 

 

 
Fig. 1 - Principle of plotting an inertia ellipsoid in a plane of the crankshaft.  

 

To verify the measurement method the following procedure was selected. Firstly, 
a geometrically simple body was chosen and the body passed through the complete 
measurement process as a separate powertrain - i.e. firstly, the frame-body assembly and then 
the frame itself were measured. A simple form of the body was selected due to a simple 
calculation of the body’s moment of inertia matrix which was further compared with the 
measured matrix. Considering the semi-finished products being available in our laboratory, an 
assembly consisting of two semi-finished products (Ø100 and Ø130 mm) was chosen. The 
position of the semi-finished products was chosen in such a way so that one of the deviation 
moments was not zero. The principal moments of inertia showed very good conformity, the 
most significant deviation occurred along the x-axis and it was less than 1.5 %. The position 
of the semi-finished products can be considered asymmetrical. However, the asymmetry is 
chosen in such a way that two deviation moments are zero. For these two deviation moments 
the relative error cannot be determined, we are able to determine only the absolute one (i.e. -
0.0895 kg.m2 and -0.0198 kg.m2). The last deviation moment was measured approximately 
with the relevant error of 2.5 %. 

Cardan joint warrants axial load of spring wire 
Different axles of suspension apparatus 
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By further measurement to verify the method, a semi-finished product having the dimensions 
of Ø60-1500 mm was located into the position of the auxilliary frame diagonal. A comparison 
of the computed and measured moments of inertia values resulted in an average error of 
1.10 %, the max. deviation occurred along the y-axis (2.54 %). The absolute error along the 
principal axis of inertia (identical with the semi-finished product axis) was less than 1° for all 
solid angles. 

 

Fig. 2 - Illustration of the measured inertia ellipsoid.  
 

 

MEASUREMENT OF MOMENT OF INERTIA FOR WHOLE A CAR  

At our workplace, we also measured the moment of inertia of the whole vehicle and that his 
transverse and longitudinal axis through the centre of gravity. The experimental measuring 
device was created with the help of the student and his diploma work (Bárta, 2015). Student 
worked on an assignment with the company AZOS CZ, s.r.o. Measurement method is based 
on the principle of the physical pendulum. It was created by the optimized design proposal for 
the implementation of measurement device. Transverse, longitudinal and height position 
of the center of gravity of the vehicle (input parameters for measuring) was measured by 
weighing the vehicle in a horizontal position using four scales under each wheel and by tilting 
the vehicle on the front axle. Further was using an optical measuring system TRITOP for 
better results of measurement. Created methodology was verified by measuring inertia 
of passenger car ŠKODA Fabia III.  
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Furthermore, was carried out verification of the device and the determination of measurement 
error. As a suitable etalon for device verification options were chosen (because of the 
possibility of test room and limited financial resources) the same four barrels filled 
completely with liquid - that did not change the positions of centre of gravity of the barrel 
during the pendulum motion. With the position of the barrels on the platform relative to the 
axis of swing of the device has been verified, so that the measured values of the moments 
of inertia drums approximately cover a range of values of moments of inertia of the passenger 
vehicles. The resulting values were compared with the results obtained using the model of the 
situation in the CAD program. The entire method of measuring the moment of inertia 
exhibited total relative error smaller than 8%. This error is total and includes any influences 
on the measurement. 

The advantage of the device lies in its simplicity, the minimum used sensors, possibilities 
of dismantling and the possibility of its further development. The disadvantage of this 
measurement device is more time consuming whole methodology and the impossibility to 
measure the moment of inertia of vehicles to their vertical axis. Use of measured results as the 
center of gravity and moment of inertia of the vehicle are particularly useful for dynamic 
simulation of driving a vehicle. 

 

Fig. 3 - Examples of existing devices for measuring the moment of inertia of the vehicle: a) product 
InTenso from SMARTMechanical Company, b) TU-Dresden, c) device VIMM (source, www). 
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Fig. 4 - Measuring the inertia moment of the vehicle - modification of the platform for 

longitudinal and transverse axis of the car (Bárta, 2015). 
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RESULTS 

The methodology was verified when measuring several aggregates or motors, in some cases 
for more variants of motor accessories layout (thirteen aggregates and one motor designed for 
passenger vehicles, one motor designed for a commercial vehicle). The measurement was 
always performed without any filling, which means without (engine) oil and coolant. The 
proposed measurement methodology was able to reveal even a relatively small difference in 
measurement depending on the powertrain’s accessories. Consequently, the change resulting 
from removal of the engine’s intake filter (1.4, MPI engine with mechanical gearbox) which 
formed 0.9 % of the total powertrain’s mass, could be observed. 

 
Fig. 5 - Values of axial moments of inertia for axle Y of passenger vehicles aggregate, the 

values are presented in relation to a referential aggregate which was an ordinary light three-
cylinder spark ignition engine with the volume of 1.2 dm3 with a manual five-gear gearbox.  

 

From the graph in the Figure is obvious that the values sizes of axial moments of inertia of the 
aggregate are not linear dependent on the aggregate weight. The resulting values of moments 
of inertia and the centre-of-gravity position of the aggregate influence both the weight and 
also the position of additional devices and motor accessories. Neither relatively low physical 
parts which (regarding relatively big remoteness) can also influence the size of the overall 
moment of inertia of the aggregate cannot be neglected. The influence of the accessories was 
examined with careful attention; therefore, variant measuring of aggregates in different 
configuration with different accessories was also performed. 

0,9

1,1

1,3

1,5

1,7

1,9

2,1

2,3

0,9 1,1 1,3 1,5 1,7 1,9 2,1

m / mr [-]

J
Y
 /
 J

Y
r 
[-
]

compression ignition engine

spark ignition engine



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
 
 

-379- 

 
Fig. 6 - Arrangement of engine accessories for the impact assessment - e.g. the 

measurement carried out on the truck engine (Cummins 3.8 l Avalon) resulted in nearly 
20 % change in the axial moment of inertia when approximately a 10 % change in mass 

occurred.  
 

In the workplace were also carried out design work for the realization of devices (platforms) 
for measuring the moment of inertia of passenger vehicles at its lateral and longitudinal axis. 
For the measurement method was chosen based on principle of a physical pendulum. The 
methodology was verified and has made a measurement Skoda Fabia third generation (Bárta, 
2015). The measurement results can be used for simulation of the vehicle dynamic behaviour. 

 

CONCLUSION 

Was created an experimental stand for determining the mass, center-of-gravity position and 
moments of a powertrain’s inertia where necessary measurements (with the greatest degree of 
possible accuracy) were later carried out. 
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ABSTRACT 

The results of dynamic tests of ceramic brick, as well as fine-grained concrete and fiber-
reinforced concrete are reported. In addition to compression tests, the modifications of Kolsky 
method are used to determine the dynamic properties in tension and shear. For fiber-
reinforced concrete the dynamic fracture toughness is measured on three-point bending beams 
with a U-shaped notch. Stress-strain curves are constructed under different regimes of 
dynamic impact. Strength, deformation, timing and energy characteristics are obtained, as 
well as their dependence on strain rate, stress growth rate and load amplitude. The effect of 
the strain rate, the rate of stress growth, and the type of stress state on the properties of the 
tested materials is noted. For a theoretical description of the dynamic strength dependency, 
the theory of incubation time is used. The inclusion of an additional measured characteristic 
of strength (i.e., the incubation time) and the known quasi-static strength parameter (i.e., the 
limit stress) makes it possible to construct the dependences of the maximum crushing stress 
on the rate of  loading (deformation) without having to perform numerous experiments for 
any type and character of the load. 

Keywords: concrete, fiber-reinforced concrete, brick, dynamic strength, splitting. 

 

INTRODUCTION 

Due to unexpected events, such as a terror attack, technological catastrophes, accompanied by 
intense shocking or explosion actions, that cannot be anticipated at the stage of design of 
residential buildings, industrial facilities, nuclear facilities it becomes imperative to know 
how the building materials such as concrete, bricks will behave under such dynamic loads.  

This work is devoted to research of static and dynamic properties of typical building 
materials, which are brittle in nature: a fine-grained concrete, fiber-reinforced concrete and 
ceramic brick. These materials are widely used in the protective and supporting structures of 
different categories of structures. Compared to conventional concrete, fiber-concrete has 
higher static compressive, tensile and shear strengths, impact and fatigue strength, fracture 
toughness, and resistance to frost, water penetration, heat and fire. 
 
EXPERIMENTAL METHODS  

Dynamic tests were carried out by the known Kolsky method using split Hopkinson pressure 
bar (SHPB) of different configurations (Fig.1). In addition to compression tests, the 
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modifications of Kolsky method were used to determine the dynamic properties in tension 
(Brazilian test) and shear.  

 
Fig. 1 - Types of testing based on the Kolsky method 

It should be noted that in order to determine the shear strength the original modification of the 
SHPB first proposed by the authors (Bragov et al., 2017) is used. To determine the dynamic 
shear strength, a specimen (denoted 5 in Fig. 2) from the material to be examined is located in 
a rigid (steel) casing 3 and 4, cut at an angle α to the horizontal. 

 
Fig. 2 - Shear test scheme: 1 - incident bar, 2 - transmitter bar, 3, 4 - parts of the split casing,  

5 - sample, 6 - shear plane 

In order for the specimen to undergo only shear without compression, its length must be less 
than the length of the cut tube casing. The cage with the specimen is placed between the 
measuring bars: the incident bar 1 and the transmitter bar 2. Since the yield strength of the 
cage is at least an order of magnitude greater than the strength of the tested specimen, the 
cage can be regarded as non-deformable. The compression pulse in the loading bar causes a 
small displacement of the two parts of the split casing along the plane of the cut 6, which 
leads to deformation and fracture of the brittle specimen. 

Using the strain pulse εТ(t) recorded in the transmitted bar, it is possible to obtain the time 
dependence of the shear stress in the specimen: 
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A relative displacement of the points of the sample along the inclined plane of shear based on 
the strain pulses registered in the measuring bars can be expressed by the formula: 
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where R is the inner radius of the cage, and E and A are the Young's modulus and the cross-
sectional area of the transmitter bar, respectively. 

The dynamic fracture toughness of the fiber-reinforced concrete was measured on three-point 
bending beams with a U-shaped notch. The specimen in this case is located between the ends 
of three measuring bars: the incident bar and two transmitter bars (Figure 3). 

 
Fig. 3 - Scheme of the loading of a beam specimen during a fracture impact tougness test 

During the test, the incident εI(t) and reflected εR(t) pulses in the incident bar are recorded, as 
well as the two pulses )(1 tТε  and )(2 tТε  transmitted through the specimen in the two 
transmitter bars. The beam deflection l(t) and the force F(t) acting on the specimen during 
loading are determined by processing these pulses. After synchronization of the obtained 
dependencies, a graph F(l) is constructed and the energy (impact work) needed to fail the 
material is determined: 

∫ ⋅=
l

dllFKU
0

)( . 

The fracture toughness KCU is defined as the ratio of the impact work KU to the net initial 
cross-sectional area of the specimen at the notched section (at the stress concentration site): 

1BH

KU
KCU = , 

where B and H1 are the width and net height of the cross section of the beam specimen at the 
stress concentration site. 

For a theoretical description of the dynamic dependencies, the theory of the incubation time 
of failure was used (Petrov, Utkin, 1989; Petrov, Morozov, 1996; Bragov, Petrov, Karihaloo 
et al, 2015). Sudden deformation depends on the amplitude and speed of application of the 
impact load. The reaction of the material to these energy input characteristics depends on the 
chosen failure criterion. The incubation time τ characterizes the sensitivity of the material to 
the rate of application of the load at a given point (or to the rate of deformation) that causes 
failure. 

In particular cases of dynamic failure, the criterion of incubation time has the form: 

� compression failure 

( ) comp

cr

t

t

tdt σσ
τ τ

≤′′∫
−

1
, 

where ( )tσ  is the dependence of the average compressive stress in the specimen on time, 
comp

crσ  - static compressive strength. 
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� tensile failure 

( ) tens

cr

t

t

tdt σσ
τ τ

≤′′∫
−

1
, 

where ( )tσ  is the dependence of the tensile stress at the center of the sample on time, tens

crσ  - 

static tensile strength. 

� Complete failure of three-point bending of beam with a notch 

( ) c

t

t

WtdtW ≤′′∫
−ττ

1
, 

where ( )tW  is the time profile of the work spent per unit of the cross section of the sample, 

cW  is the specific work expended on fracture under quasi-static loading. 

 

TEST SPECIMENS  

For compression test, cylindrical specimens (length 10 mm, diameter 18 mm) were made 
from ceramic bricks of the class designation 150. For the splitting test, the specimens had a 
diameter of 18 mm and length 20 mm. 

The mechanical properties of fine-grained concrete M25 were studied in dry and water-
saturated states. The mix used cement grade 43, sand with grain size 2, as well as super- 
plasticizer Muraplast FK-63 and stabilizer Reostab. The density of the samples was 2000 
kg/m3 in the dry and 2100 kg/m3 in the water-saturated state. The specimens were cylindrical 
with a diameter of 20 mm and a length of 10 mm or 20 mm for both static and dynamic tests 
in compression and splitting. 

Dynamic properties of the advanced fiber-reinforced concrete CARDIFRC (Alaee and 
Karihaloo, 2003), developed and manufactured at the University of Cardiff, UK were also 
investigated. This fiber-reinforced concrete has a fine-grained structure and contains brass-
coated thin steel fibers (diameter 0.15 mm, length 6 or 13 mm). Specimens for compression 
and splitting tests were in the form of cylinders with a diameter of ~15 mm and a height of 
~10 mm. Dynamic experiments on three-point bend beams with a U-shaped notch were made 
on installations with a diameter of measuring bars of 20 mm and 60 mm to determine the 
dynamic toughness of this fiber-reinforced concrete. For tests on the SHPB-20 installation, 
the beams had the following geometric dimensions: L≈66 mm, H≈20 mm, B≈11 mm, 
H1≈15 mm. For tests on the SHPB-60 installation, the geometrical dimensions of the beams 
were as follows: L≈200 mm, H≈81 mm, B≈43 mm, H1≈61 mm. 

 

RESULTS AND DISCUSSION 

As a result of the dynamic tests the dynamic stress-strain curves were obtained for the above 
materials under compression. By varying the speed of striker, loading regimes were achieved 
in which the specimen either retained apparent integrity, or had cracks on the surface or some 
internal damage, or was fractured completely into large or small pieces. Besides the dynamic 
compressive strength, the limiting values of the ultimate strength have also been determined 
in splitting and shear. 

Figure 3 shows the average stress-strain curves of ceramic bricks with the history of strain 
rate variation obtained under different dynamic loading regimes. The solid lines show the 
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dependences σ~ε (the left vertical axis is stress), and the dotted lines of the corresponding 
color are the dependences ε& ~ε (the right vertical axis is the strain rate). 

     
   (a)                                                                  (b) 

Fig. 3 - Mechanical properties of ceramic brick in compression (a) and splitting (b) 

In these plots, it is evident that the initial part of the loading branch (stress-strain curve) is 
nearly linear. The slope of the loading branch in this region of the curves is practically the 
same for different strain rates. During deformation, after the stress in the sample reaches a 
limiting value, the tested material begins to crumble rapidly, and the formation of micro- and 
macro-cracks leads to a decrease in the stress level with increasing deformation. The curves 
characterizing the process of failure can have a fairly long tail segment. 

     

       
    (a)       (b) 

Fig. 4 - Strength properties of ceramic brick in compression (a) and splitting (b) 
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The dependences of the ultimate strength characteristics of ceramic brick on the strain rate 
during compression and the rate of stress growth during splitting are plotted in Fig. 4. 

Dynamic tests of fine-grained concrete M25 under compression were carried out on 
cylindrical specimens with a diameter of 20 mm and lengths of 20 and 10 mm in order to 
study the influence of the length of the specimens on the stress-strain curves of the material. 
In addition, to evaluate the effect of humidity on the material properties, samples with a 
diameter of 20 mm and a length of 10 mm were tested in a water-saturated state. 

 

     
(a)          (b) 

Fig. 5 - Properties of fine-grained concrete in compression for specimen of length 10 mm (a) and 20 mm (b) 

 
Figure 5 shows the average stress-strain curves under compression of fine-grained M25 
concrete with the history of strain rate changes obtained for specimen length of 10 mm (a) and 
20 mm (b). A well-known trend can be noticed: stress-strain curves of samples of longer 
length have greater steepness of the initial (elastic) section. 

Further, the influence of the strength characteristics of fine-grained concrete of the geometry 
of the specimen (Fig. 6) and its moisture content is analyzed (Fig. 7). 

 

     
Fig. 6 - The influence of specimen geometry on compressive properties of fine-grade concrete M25 

 

As a result of the static and dynamic experiments carried out, the dependence of the Dynamic 
Increase Factor (DIF) of concrete M25 on the strain rate (during compression tests) and on the 
rate of stress growth (under tension) was constructed. Assuming the behavior of the material 
before fracture to be elastic, in each test the strain rate was determined as Е/σ=ε &&  
(E=24 GPa - initial static modulus of elasticity of fine-grained M25 concrete). 
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Fig. 7 - The influence of specimen humidity on compressive properties of fine-grade concrete M25 

for specimen length of 20 mm 

 
(a)          (b) 

Fig. 8 - The dynamic increase factor for fine-grade concrete B25 in compression (a) and splitting (b) 

The dependences of the DIF on the strain rate for compression and splitting (Fig. 8) obtained 
for the investigated fine-grained concrete M25 are qualitatively and quantitatively in good 
agreement with the results of other studies of such concrete. DIF in the investigated range of 
strain rates reached four under compression and six under tension. 

Dynamic tests of fine-grained fiber-reinforced concrete CARDIFRC were carried out by 
using the Kolsky technique for compression and splitting, shearing and three-point bending of 
beams weakened by a U-shaped notch. 

Fig. 9 shows the obtained average stress-strain curves for fiber-concrete  under compression 
(a) and splitting (b) at different strain rates. 

      
(a)           (b) 

Fig.9 Mechanical properties of fiber concrete in compression (a) and splitting (b) 
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Based on the obtained static and dynamic data, the dependences of the ultimate strength 
characteristics of fiber-reinforced concrete on the strain rate during compression and the rate 
of stress growth during splitting are plotted (Fig. 10). 

        
(a)            (b) 

Fig. 10 - Strength properties of fiber-reinforced concrete in compression (a)  and splitting (b) 

 

A series of experiments on shear was performed using the modified Kolsky method (Fig. 2). 
The average dependence of shear stress on time with confidence intervals at 95% reliability 
level is shown in Fig.11. 

      
(a)             (b) 

Fig. 11 - The average dynamic chart obtained during the testing of fiber-reinforced concrete in shear (a)  
and the appearance of the specimen of the fiber-reinforced concrete after the test (b) 

Tests of fiber-reinforced concrete for impact toughness were carried out in order to determine 
the critical load at which cracks in the sample form and begin to spread. In this connection, it 
was required to select a loading energy of the specimen at which a crack in the specimen was 
formed, but its complete failure did not occur. Tests of beams with different geometric 
dimensions were carried out on installations with different diameters of measuring bars to 
study the effect of the scale factor on the obtained values of impact toughness of fiber-
reinforced concrete. 

Due to the high brittleness of the matrix and low viscosity of the test material, micro-cracks 
were initiated at low amplitudes of loading pulses of different durations that can be realized at 
existing facilities. At larger amplitudes of the loading wave the specimen experienced 
significant deflections and it broke into two parts. 
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Since the contact area of the loading bar (wedge) and the sample is very small, most of the 
incident wave is reflected by the tensile wave and after reflection from the impacted end of 
the incident bar, the compression wave again reaches the specimen, loading it once more. 
This process is repeated many times with gradually decreasing amplitude. The deflection of 
the sample during one loading cycle is determined on the basis of the deformation pulses 
recorded in the measuring bars and is ~1 mm, whereas the actual deflection of the sample 
with a strongly opened crack after the test may reach ~17 mm. This is due to the multiple 
loading of the specimen with a gradually decreasing amplitude. Unfortunately, it is very 
difficult to record all loading cycles because of the insufficient length of the measuring bars. 

Fig. 12a shows the values of the deflection of the sample as a function of the growth rate of 
the force on logarithmic scale of the rate of growth of forces for different durations of the 
loading pulse. 

 

 

      
(a)               (b) 

Fig. 12 - Results of tests of fiber-reinforced concrete for fracture toughness 

 

The values of the impact toughness as a function of the maximum force obtained in tests on 
the facilities with SHPB-20 and SHPB-60 are shown in Fig. 12b. This figure illustrates the 
effect of the scale factor on the fracture toughness for fiber-reinforced concrete. It can be seen 
that the failure of a large beam specimen with a U-shaped concentrator on the unit with 
SHPB-60 requires more energy per unit cross-sectional area of the sample at the site of the 
concentrator than the smaller sample on the unit with SHPB-20. 

On the basis of the data obtained, it can be seen that as the magnitude and rate of growth of 
the applied load increase, the work expended during the loading cycle increases, and the work 
of impact, fracture toughness and deflection of the sample, depending on the maximum force, 
all vary nearly linearly. The work expended is almost the same for different durations of the 
loading pulse. 

The dependences of strength characteristics on the rate of change of stress for the investigated 
fine-grained concretes obtained in the experiments can be calculated using the well-known 
criterion of incubation time (Petrov, Utkin, 1989; Petrov, Morozov, 1996). Fig. 13 shows the 
results of experiments and calculations by this criterion for fine-grained concrete M25, and 
Fig. 14 - for fine-grained fiber-concrete. 
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    (a)       (b) 

Fig. 13 - Strength characteristics of fine-grained concrete M25, obtained in experiments (markers) and calculated 
by the criterion of incubation time (solid lines) under compression (a) and tension (b) 

 

 

The calculation by the criterion of incubation time was performed at comp

crσ =12.1 MPa; 

E=24 GPa; τ=5 µs (a) and tens

crσ =1.31 MPa; E=24 GPa; τ=67 µs (b) 

 

      
(a)       (b) 

Fig. 14 - Strength characteristics of fine-grained fiber-reinforced concrete CARDIFRC, obtained 
in experiments (markers) and calculated by the criterion of incubation time (solid lines) under 

compression (a) and tension (b) 

 

 

The calculation by the criterion of incubation time was performed at comp

crσ =160 MPa; 

E=46 GPa; τ=2 µs (a) and tens

crσ =23 MPa; E=46 GPa; τ=15 µs (b) 

Fig. 15 shows the dependence of the work of fracture on the rate of the specimen deflection 
during testing of three-point bend beams weakened by a U-shaped notch. 
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Fig. 15 - Energy characteristics of destruction of fiber concrete CARDIFRC, obtained in experiments (markers) 
and calculated by the criterion of incubation time (lines) 

Calculation on the incubation time criterion for the three-point bending of a beam with a U-
shaped concentrator was performed at τ=30 µs; Wc=4300 J/m2; K=300 MN/m when tested at 
the SHPB-60 installation (dashed line) and at τ=30 µs; Wc=1000 J/m2; K=18 MN/m for testing 
at the SHPB-20 installation (solid line). 

From the results presented, it can be seen that the criterion of incubation time describes quite 
well the main experimental results obtained. Moreover, the value of the incubation time of 
fracture under tension was greater than in compression, and in the case of CARDIFRC fiber-
reinforced concrete - of the same order as in the three-point bending of the beams. 

 

CONCLUSION 

Dynamic tests of brittle media under various stress-strain states have been carried out. The 
main attention was paid to the study of the change in the maximum stress and appropriate 
time before the onset of failure, depending on the strain rate or the rate of stress growth. 

A comparison of the results of tests of fine-grained concrete and fiber-reinforced concrete 
showed that with an increase in the strain rate, an increase in strength is observed both in 
compression and in tension. 

The obtained DIF dependences on the strain rate are qualitatively and quantitatively in good 
agreement with the known results of other researchers. 

A unified interpretation of the velocity effects of the failure of the tested fine-grained concrete 
on the basis of the structural-temporal (incubation time based) approach is done. The values 
of the incubation time of destruction for different types of stress-strain state are determined 
that well describe the experimental data. It was noted that the value of the incubation time of 
fracture under tension was greater than in the case of compression for both concretes. 
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ABSTRACT 

Mechanical characteristics obtained by MTS testing machine and digital image correlation 
(DIC) algorithm as well as the related temperature changes in a new β-Ti alloy - Gum Metal, 
subjected to tension in a wide spectrum of the strain rates, are presented. The fast and 
sensitive infrared camera ThermaCam Phoenix allowed estimating temperature changes 
accompanying the specimen deformation process in contactless manner. The obtained 
mechanical curves confirm an ultra-low elastic modulus and high strength of Gum Metal. 
Furthermore, it was presented how the stress-strain characteristics change from hardening to 
softening depending on the strain rate. The thermoelastic effect, estimated by the IR technique 
was discussed according to the Gum Metal yield point.  

Keywords: gum metal, titanium alloy, tension test, strain rate, thermomechanical coupling. 

 

RESULTS AND CONCLUSIONS 

Gum Metal is a new titanium alloy, characterized by high strength and low elastic modulus 
(Sato et al., 2003; Furuta et al., 2013). The research presented in the paper also demonstrates 
high strain rate sensitivity of the alloy. At the higher strain rates, significantly higher level of 
the ultimate strength and lower values of the strain range were recorded (Fig. 1). Furthermore, 
we have found that at the lower strain rate; 10-5s-1 and 10-4s-1, the stress-strain hardening 
occurs, at the strain rate 10-3s-1 the curve is almost parallel to the strain axes, whereas at the 
higher strain rates, i.e. 10-2s-1 and 10-1s-1, softening is observed. A comparison of the stress vs. 
strain curves obtained by DIC analysis demonstrating hardening effect is shown in Fig. 1a, 
whereas softening effect, in Fig. 1b, respectively.   

        
     (a)                                      (b)                         (c) 

Fig. 1 - Comparison of stress vs. strain curves obtained by DIC analysis of Gum Metal subjected to tension until 
rupture demonstrating: a) hardening effect (strain rates 10-5s-1, 10-4s-1 and 10-3s-1); b) softening effect (strain rates 
10-2s-1 and 10-1s-1); c) thermogram showing in infrared localized strain, captured just before the specimen rupture 
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Moreover, the temperature distribution obtained with fast and sensitive infrared camera 
demonstrates developing of the strain localization, leading to necking and rupture (Fig. 1c).  
One of the unique characteristics of Gum Metal reported in the literature (Sato et al., 2003) is 
a nonlinear elasticity up to the value of ~2%. There is ongoing discussion on the origin of this 
phenomenon. In order to contribute to this research, we consider also temperature changes 
accompanying the Gum Metal deformation process and elaborated with high accuracy by 
using infrared camera. Fig. 2a shows stress and average temperature changes (∆Tmean) vs. 
strain determined at strain rates of 10-2s-1 and 10-1s-1 in the strain range up to rupture, whereas 
Fig. 2b presents the results obtained within the initial strain range of true strain 0.025.  

 

  
(a)             (b) 

 

Fig. 2 - Comparison of mechanical characteristics and average temperature changes (∆Tmean) obtained during 
tensile tests at the strain rates 10-2s-1 and 10-1s-1 for Gum Metals: a) until rupture; b) up to strain of 0.025 

The temperature changes accompanying the solid material deformation within initial loading 
stage demonstrate thermoelastic effect, i.e. drop in temperature which is usually related to the 
material yield point (Pieczyska, 1999). It has been noticed within this research that, 
irrespective of the applied strain rate, the maximal drop in the specimen temperature occurs 
significantly earlier than limit of its mechanically reversible deformation (Pieczyska et al., 
2016). The subsequent increase in the temperature (from strain value less than 0.01) provides 
dissipative character of the process and cannot be considered as non-linear elasticity. 
Nevertheless, in order to verify this result the further studies are needed.  
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ABSTRACT 

In order to ensure a safe design of a ship’s hull, it is necessary to accurately evaluate the 
capacity of the hull girder considering extreme loads and effect of steel corrosion. The goal of 
this work is to perform the new model of steel corrosion, to analysis the strength structural 
element of steel. 

From the model described phenomenon of the corrosion, a model has been introduced. This 
model is based on the approach which was taken from (Shengping Qin and Weicheng, 2002); 
it used to develop a methodology to predict reduction of thickness of structural elements due 
to corrosion. The results obtained using the prediction methods were verified against the 
experimental data. The effect of corrosion to section modulus and section area of cargo deck 
was investigated, as a function of time and exponential depth of corrosion. However the 
relationship between weight and ratio of section modulus during 25 year service of the tanker 
were involved. It has been found the reduction of the section modulus and the section area of 
the deck cargo follow polynomial model of the sixth order, and it has been lost 5% of section 
modulus the deck cargo during 15 years of life ship service, and for mean section area, 9.3% 
has been lost it. 

Keywords: corrosion, strength analysis, least square method. 

 

INTRODUCTION  

Corrosion is an important industrial problem, wish considered as indirect consequences of 
accidents and is estimated at mondial1 2% of the gross proceeds. Each second, it is about 5 
tons of steel which are thus transformed into iron oxide. 

Various models of the corrosion ship structures are discussed, following the basic equation 
cf.(Eq.1) specifying the evolution of corrosion depth and concrete model has been developed 
(M.A.Shama, 2005). 

In the present paper the least squares method has been employed to evaluate the parameters of 
Weibull distribution well the results are verified against with reference data given in 
(Offshore Technology Conference, 5 May-8May 2003). Basically, a model is considered to be 
a representation of some object, behaviour, or system that one wants to understand. Models 
are abstract vehicles for learning about the world. With a well-developed model, significant 
parts of scientific investigation could be carried out the results are verified by experiments. 

The tangible results extradite from LMS method explain the very large prediction regarding to 
data. A new model has been developed based to approach given by Paik/al Eq. (1), in fact the 
equation of model has been described using Taylor series with keeping the terms up to second 
order. Their results compared to these obtained with candidate models formulated by 
Melchers, Guedes Soares/Garbatov, and Paik/al. 
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The goal of work is to define the lost depth of steel plate, to assess the section and area 
modulus of structural element. Many works has been done before (Yao T. et al. 2000), 
however it can be more complicated to evaluate degradation of plate unction time because 
many parameters infected. 

Once validated, corrosion models can support a variety of analyses, such as estimating the 
required interval between maintenance and repair actions, gauging the effectiveness of 
various corrosion mitigation approaches, aiding in the selection of materials and coatings, and 
performing sensitivity analysis regarding the basic assumptions and the initial; boundary 
conditions used in a corrosion analysis. 

 

THE NEW CORROSION MODEL  

Existing Models  

One of the key aspects in investigation of corrosion is the evolution and degradation of 
plating. In the initial phase a linear dependency is observed between corrosion wastage and 
time (Emi H, Yuasa M, Kumano A, Arima T, Yamamoto N, Umino M. A). Corrosion 
wastage can be therefore calculated: 

If t >	T��				                                          d�t� = d
 �1 − exp �−������� ����       (1) 

If  β=1, the Guedes Soares/Garbatov model has been obtained:      

d�t� = d
 �1 − exp �−������� ���     (2) 

Substituting η=1, expanding the equation in the Taylor series and keeping only the linear term 
we obtain the Paik /al model: 

                        d�t� = d
�t − T����    (3) 

Finally, for β=0.6257, and    T��				 =0  the Melcher model has been described: d�t� = 0.1207t$.%&'(    (4) 

 
Developed New Model for predicting the wastage corrosion of steel 

Discussing the concept of the basic equation of the corrosion evolution another procedures are 
proposed in the present paper regarding to parameters β, η, Tst and d
.  

The least squares method is employed and Eq. (1) has been solved. Well d
 = 3.3	mm, Tst=5 
years. The model (1) is giving by formula:   

d�t� = d
 �1 − exp +−������&% �$.&,�			(5) 

 Where β, and η:  

β. = /n∑ Ln	�t3�LnLn 4 11- in + 1893:; < - /∑ LnLn 4 11- in + 18∑ Ln	�t3�93:;93:; <
=n∑ �Ln�t3��&93:; >-=∑ Ln	�t3�93:; >&  
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η@ = exp�yB- xBβ.� 

     

Second method was investigated which to expand Eq. (2) to second order of Taylor series. 
Model (2) has been defined following Eq. (6): 

 

	d�t� = d
 ���-���� �� - ;& ��-���� �&��  (6) 

 

Results obtained using models (2) are compared with those produced by Paik/al model for 
various values of β. 

To compare results produced by the candidate models, and the model (1) and (2), the 
reference data mentioned in the Fig. (1) is followed.  

 

 
 

Fig. 1 - Corrosion evolution: the experimental data (Shengping Qin and Weicheng, 2002). 
 
The corrosion wastage equal to the 3.3 mm for deck section area (cf. Fig.2), and evolution of 
atmospheric corrosion has been discussed. 
 

 
Fig. 2 - Description geometric of amidships section, deck section has been considered. 
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The Comparison of the Models 

The results of model (2) are more closed to experimental data. In other hand the results of 
Melcher, Paik/al, and Soares models far way to experimental data (cf. Fig.3);   for β= [0.62, 
0.7] the ratio of parameters β, η has been set and equal to: 

�	� = 30. 

 

  
Fig. 3 - The comparison the results between model (2), Soares, Paik/al, Melcher, and the assumed data. 

 
It has been considered second order of the Taylor series and relationship between β and η 
equal to 30, in condition as β= [0.62, 0.7], good agreement observed between model (2), and 
experimental data. Regarding to the rate function of model(2), the rate function tend to 
infinite according to the second order of the model(2), by other way the depth corrosion goes 
to zero, when the time tend to infinite.  

 

					lim�→
 r�t� = lim�→
d
 �� ��-���� ��-; Exp �- ��-���� ��� = 0 (7) 

lim�→
 r�t� = lim�→
d
 �� G��-���� ��-; - ��-���� ��H → ∞ (8) 

  

 
Fig. 4 - The flexibility of the basic equation, and the model (2). 
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equation goes to zero. For that reason the validity of model (2) has been fixed until 25 years 
when speed of corrosion equal zero. 

 
 

 
Fig. 5 - Depth of corrosion versus time for Al2024-T-81 Alloy 

(The continuous line: experimental data, discontinuous point the model describe the evolution the depth) 
 
 

By fitting the curve (cf.Fig4), we received the model describe the depth of aluminium 
corrosion versus time: 	J�t� = 0.215 �� �;L.'�$.M' - ;& � �;L.'�$.N� (9) 

 

 
Fig. 6 - Depth of corrosion versus time for Alloy 62-ICU Zinc 

(The continuous line: experimental data, discontinuous point the model describe the evolution of depth) 
 
By fitting the curve (cf.Fig6), we register the model describe the depth of zinc corrosion 
versus time: 
 d�t� = 0.42 �� �&&.'�$.(' − ;& � �&&.'�;.'� (10) 
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Effect the Corrosion to Reduce the Ratio the Section Modulus and the Section Area of 
the Deck Cargo 

We consider Tanker VLCC ship our structure elements in this present work, we have such 
details: 

The initial inertia equal to 9.43 1014 mm4, and the position of the neutral axis equal to 14.35 
m. The initial section modulus was Z0=5.87 1010mm3, we calculate at selection year the lost 
of the section modulus, and the section area. The evolution   of the section modulus versus 
time follows the formula: 

RSM = 1 − 7.610�%tL + 4.810�Mt& − 0.01t	   (11) 

Similar, the section areas vary follow the formula: 

 RSA = 1.1 − 1.210�'tL + 9.210�Mt& − 0.023t  (12) 
 

 
Fig. 7 - The fit the curve section modulus versus ship age, subject to the atmospheric corrosion. 

 

 
Fig. 8 - The fit the curve section area versus ship age, subject to the uniform corrosion. 

5 10 15 20 25
0.96

0.965

0.97

0.975

0.98

0.985

0.99

0.995

1

1.005

time ship service (years)

th
e
 r
a
ti
o
 t
h
e
 s

e
c
ti
o
n
 m

o
d
u
lu

s
 (
Z
/Z

0
)

 

 

 

y = - 7.6e-006*x3 + 0.00048*x2 - 0.01*x + 1

model (2)

   cubic

5 10 15 20 25 30 35
0.9

0.91

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

time ship service (years)

th
e
 r

a
ti
o
 t

h
e
 s

e
c
ti
o
n
 a

re
a
 (

A
/A

0
)

 

 

 

y = - 1.2e-005*x3 + 0.00092*x2 - 0.023*x + 1.1

model (2) 

   cubic



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
 
 

-403- 

 
We summary the results, we lost 5% the section modulus of the deck during 15 years the ship 
service, and for the mean section area we lost 9.3% during 25 years. 

To assume the weight the structure of the deck, we propose the standard steel material has the 
density equal 7850 Kg/m3; and the yielding stress equal 320 MPa. 

 

 

 
 

Fig. 9 - The relationship between weight and ratio section modulus of the deck tanker SHVLCC 

 
 
From the Fig.9 above, the weight is linear with the ratio the section modulus of the deck 
touched by atmospheric corrosion. Then, we describe the model weight versus the section 
modulus follow the formula: 

 Weight	�tonne� = 5410.9 ∗ RSM − 3319.9	 (13) 

 

The analysis of the corrosion model, have large point to touch. In fact, the initial work is to 
define the model (2), to obtain the depth of the corrosion, comparing with the assumed data. 

Using model (2) we get good prediction to assumed data. Since, we find the reduction of the 
section modulus and the section area follow polynomial model the order six. Finally we lost 
5% the section modulus of the deck during 15 years the ship service, and for the mean section 
area, we lost 9.3% during 25 years. From point of view engineer, the critical area can be 
check by inspection is the side at draft level, where the shear forces very high at position 0.3L 
and 0.7L from aft part. 
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CONCLUSION 

The initial work is to define the model (2), to describe the corrosion depth (atmospheric 
corrosion), comparing with the assumed data. Using model (2) there is a good prediction to 
assumed data. Since, it has been found that the reduction of the section modulus and the 
section area of the deck cargo follow polynomial model of the sixth order. Finally there is 5% 
lost of the section modulus of the deck cargo during 15 years of the ship service, and for the 
mean section area, 9.3% lost during 25 years.  
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ABSTRACT 

Fatigue failure is the result of a crack initiation and propagation as a consequence of  cyclic 
loading. In the aeronautical industry, for components like landing gear, fatigue strength is an 
important parameter to be considered in project, as well as the corrosion and wear resistance. 
The 15-5 PH stainless steel is an aeronautical material used in applications that require high 
mechanical strength and corrosion resistance. Nevertheless its application is restricted due to 
low wear resistance. Therefore a hardening surface treatment is necessary. Nowadays the 
most applied surface hardening process in the aircraft industry is Chromium Electroplated, 
which increases the corrosion and wear resistance. Even considering satisfactory results, the 
use of hard chromium process has been restricted due to environment impact and to the 
human health. The main objective of this research was to study the influence of WC-13Co-
4Cr HVOF thermal spray coated in the axial fatigue strength of 15-5PH stainless steel. 
Experimental results were compared with chromium electroplated. Compressive residual 
stress induced by the shot peening process were responsible for the increase in the fatigue life 
of HVOF coated material 

Keywords: Thermal spray coatings, fatigue, 15-5PH steel, shot peening. 

 

INTRODUCTION 

The majority of mechanical failures are caused by fatigue due to cyclic loadings and surface 
degradation. Aeronautical steels, such as 15-5PH stainless steel, are submitted to variable 
amplitude loading and components are designed according to the required fatigue strength and 
corrosion resistance due to aggressive environments at which the material is submitted 
(Voorwald, 2008; Vincent, 2013).  

 However the 15-5PH stainless steel application is restricted due its low wear resistance, and 
under certain environmental conditions, corrosion may still occur with this material in 
aeronautical structures (Ital, 2008; Abad, 2010).   

It is noted that surface integrity affects the fatigue strength (Vincent, 2013), therefore, 
corrosion degradation or any kind of surface damage may decrease the fatigue life. In order to 
avoid the surface degradation in aeronautical steels hard chromium coating has been used for 
many years. The hard chromium coating is used to obtain high level of hardness, wear and 
corrosion resistance (Vincent, 2013). Although this coating provides efficient material surface 
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protection, its replacement has been considered due to health and environmental damage, 
related to ion Cr6+, which is considered extremely aggressive (Bonora, 2010).  

Thermal spray coatings as HVOF (High Velocity Oxygen Fuel) are being considered to 
replace chromium electroplated. HVOF coatings are based on thermal spraying and 
mechanical anchoring of the powders sprayed onto base material. Considering that the 
powders are in molten or semi-molten states at different sizes, the coating structure becomes 
non-uniform, with high adherence at the surface (TAHA-al et al., 2009). Better results 
considering fatigue strength and wear resistance comparing to chromium electroplated were 
obtained. In addition, the process is considered clean and harmless to the environment and 
human health (Culha, 2009; Ibrahim, 2007). 

Generally, all surface discontinuity and residual stresses influence fatigue strength, and may 
lead to a premature failure in mechanical components. In the electroplated hard chromium 
process, high tensile residual stresses and high microcracks density are obtained, thus 
reducing the fatigue performance (Nascimento, 2001). According to Costa, 2009 and co-
authors, results for fatigue strength of AISI 4340 steel HVOF coated was superior than the 
material chromium electroplated. Studies indicated that HVOF coated specimens have higher 
wear and corrosion resistance in comparison with hard chrome coatings (Nascimento, 2011). 

In general, surface treatments reduce fatigue life due to the tensile residual stress induced by 
coating process and possible stress concentration points. Shot peening is a surface treatment 
widely used to introduce compressive residual stress by controlled plastic deformation, that 
provide corresponding crack closure stress, that will reduce the driving force for crack 
propagation. This process may prevent fatigue crack initiation and delay fatigue crack 
propagation (Costa, 2009; Carvalho, 2007; Manfridini, 2014; Vielma, 2014). 

The influence of WC-13Co-4Cr coating applied by HVOF and hard chromium electroplated 
on fatigue strength was evaluated in this research. Scanning electron microscopy was used to 
analyse the fracture surface of fatigue test specimens and optical metallography was used to 
verify material microstructure, thickness and adhesion of coatings. Residual stresses were also 
associated to the fatigue performance. 

 

EXPERIMENTAL PROCEDURES 

The material used in this work was a martensitic stainless steel 15-5PH that combines high 
mechanical strength and high corrosion resistance. The 15-5PH steel chemical composition is 
shown in table 1. 

Mechanical properties were obtained by means of precipitation hardening heat treatment 
according to AMS 5658 (Gurova, 1997), in the condition H1025 at 552 ºC, for 4 hours, and 
quenched in regular air. The mechanical properties obtained are: 

    - Tensile Strength: 1100 MPa. 

     - Hardness: 39,0 - 40,0 HRc 
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Table 1- 15-5PH Chemical Composition 

ELEMENTS MINIMUM (%) MAXIMUM (%) 

Carbon - 0,07 

Magnesium - 1,00 

Silicon - 1,00 

Phosphorus - 0,03 

Sulfur - 0,015 

Chromium 14 15,50 

Nickel 3,50 5,50 

Niobium - 0,45 

Cooper 2,50 4,50 

Molybdenum - 0,50 

 

In this paper the process HVOF WC-13Co-4Cr thermal spray coating was deposited on base 
materials using a high velocity oxygen-fuel torch machine, model TAFA Technologies, JP 
5000. The parameters applied for WC-13Co-4Cr coating were: 

- Oxygen pressure: 0,93-1,00 MPa 

- Fuel: Kerosene 

- Fuel pressure: 0,78-0,85 MPa 

- Powder pressure: 0,02-0,04 MPa 

- Pistol distance: 300 mm 

- Temperature: 150 ºC 

The coated layer thickness obtained by the HVOF process was, in average, 150µm, with 
surface roughness Ra= 2,5 ± 0,2 µm. 

The application of hard chromium electroplating was carried out from a chromic acid solution 
containing 250g/L, and from sulfur acid solution with 2,5 g/L, under catalytic bath based on 
sulfate. The current density used was from 31 A/dm2 to 46 A/dm2, with deposition rate of 20 
µm/h, at 55ºC. 

In order to increase the fatigue strength shot peening process was applied according to MIL-
S-13125C, with intensity from 0,008 to 0,021 A, using steel beads type S 230, with 65 HRc 
hardness. Shot peening surface treatment was applied before coatings deposition, covering the 
axial fatigue specimen’s central area. At the end of process the surface roughness Ra was 
approximately 3,0 µm. 

The axial fatigue tests for this study applied as parameters a sinusoidal load with 10 Hz for 
frequency and load ratio of R= -1. Specimens were prepared according to ASTM E 466, and 
are represented in figure 1. Stress relieves heat treatment at 190 ºC for 4h was performed to 
reduce residual stress induced by machining. HVOF coated specimens were blasted with 
aluminum oxide mesh 90 to enhance adhesion. 

The coating hardness was determined with a microhardness testing system using a Vickers 
diamond indenter on the top surface of polished cross sections. To perform the indentation a 
load of 100 g was used and maintained during 15 s.  
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Fig. 1 - Axial fatigue testing specimen 

Experimental test considered as fatigue strength, the complete fracture of specimens or 106 
load cycles. 

Four groups of axial fatigue specimens were prepared to obtain S-N curves: 

1.  Smooth specimens of base material 

2.  Smooth specimens of base material WC-13Co-4Cr HVOF thermal spray coated, 150 µm. 

3. Smooth specimens of base material, shot peened and WC-13Co-4Cr HVOF thermal spray 
coated, 150 µm.  

4. Smooth specimens of base material, shot peened and hard chromium electroplated 150 µm. 

The X-ray diffraction technique was used to determine the residual stress field induced by 
thermal spray coating. Coated layers were removed by electrolytic polishing with a non-acid 
solution to obtain the stress distribution as function of depth. 

Parameters used in this test were: x-ray voltage source 25 kV and electric current of 1,5 mA 
(Gurova, 1997) 

 

RESULTS AND DISCUSSION 

Figures 2 and 3 show microhardness values for thermal spray coating WC-13Co-4Cr and 
electroplated chromium  respectively. 

From figure 2, the microhardness of coated layer was, in average, 1600 HV, and coating 
average thickness around 200µm. The increase in hardness close to the interface for WC-
13Co-4Cr may be associated with the fact that thermal spray coated specimens were 
submitted to a process to enhance adhesion, resulting in work-hardening effects (Voorwald, 
2008). Lower coatings microhardness were obtained for AISI 4340 steel Cr3C2-25NiCr and 
WC-10 Ni HVOF thermal spray coated (Souza, 2008).  

Figure 3 shows the microhardness result for specimens coated with chromium electroplated. 
The coating average thickness is approximately 200 µm and average microhardness 850 HV. 
According to Culha, 2011, higher microhardness values for thermal sprayed coating gives 
better results in abrasive wear tests, compared to electroplated  chromium results for the same 
test. 
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Fig. 2 - Vickers Microhardness WC-13Co-4Cr 

 

 

 

Fig. 3 - Vickers Microhardness Electroplated Chromium 

 

 

Figure 4 represents coating profile for HVOF process. From figure 4a it is possible to observe 
coating homogeneity and strong interface coating/substrate. As already mentioned, tungsten 
carbide thermal spray coated specimens were blasted with aluminum oxide mesh 90 to 
enhance adhesion. This pretreatment improves the adhesion coating/substrate and increase 
roughness at the interface as represented is figure 4b. 

Density of porous and oxide inclusion into the coating, inherent from the thermal spray 
process, are also indicated. The microstructure was not affected by the HVOF process.  
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(a) (b) 

Fig. 4 - Optical microscopy cross section WC-13Co-4Cr. Marble reagent. (a) 100x; (b) 500x 
 

 

Electroplated hard chromium optical microscopy in figure 5 indicates coating homogeneity 
and strong interface coating substrate. Microcracks associated to high internal residual stress, 
coating hardness and corrosion resistance area also shown (Souza, 2008). 

 

  
(a) (b) 

Fig. 5 - Optical microscopy cross section Chromium electroplated. Marble reagent. (a) 100x; (b) 500x 
 

 

S-N curves shown on figure 6, indicates the negative effect of WC-13Co-4Cr and Hard 
Chromium on fatigue strength, when comparing with base material. WC-13Co-4Cr specimens 
this tendency is observed from 104 to 106 cycles. For maximum applied stress of 895 MPa, 
which represents 75% of ultimate tensile strength, the decrease was 75,79 % in fatigue life. 
The negative effect is more evident on high cycle range, which for maximum applied stress of 
775 MPa the decrease of  91,25% was observed. The  residual stress profile represented in 
figure 7 shows -300 MPa compressive stress at interface coating/substrate, increasing to -50 
MPa at 0,1 and 0,2 mm from interface for the HVOF thermal spray coated - base material. A 
reduction in the axial fatigue strength was also observed for AISI 4340 steel WC-CrC-Ni 
HVOF thermal spray coated in comparison to the uncoated steel (Souza, 2008). 

Interface 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
 
 

-411- 

 

Fig. 6 - S-N curves for axial fatigue tests 

 

 

 

Fig. 7 - Residual stresses. WC-13Cr-4Co thermal spray coated 

 

 

Fracture surface analysis of HVOF coated, in figure 8, indicates crack growth at the interface 
coating/substrate and further propagation inside substrate. The reduction in the fatigue 
strength of 15-5 PH stainless steel WC-13Co-4Cr thermally spray coated is associated to 
pores and stress concentration effects of oxide inclusion at interface coating/substrate. 
Increase in the fatigue performance of HVOF coated base material is related to the shot 
peening process (Selvadurai, 2015). 
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Fig. 8 - Fracture surface of axial fatigue specimen. WC-13Cr-4Co. (a) 200x; (b) 500x 
 

Considering residual strength inherent from shot peening process and HVOF, the maximum 
compressive stress was measured at 0,1 mm from interface on WC-13Co-4Cr+SP specimens. 
The influence of the compressive residual stress field on the fatigue crack propagation is 
clearly observed in figure 9, which represents the fracture surface for 15-5PH stainless steel 
shot peened and WC-13Cr-4Co thermal spray coated. Crack arrest and delay and growth 
inside substrate results in propagation at interface coating/substrate increasing fatigue life. 

  

Fig. 9 - Fracture surface of axial fatigue specimen. WC-13Cr-4Co+SP. (a) 15x; (b) 200x 
 

As shown in table 2, the shot peening has positive effect on fatigue life, resulting in tests with 
lower strengths related to ultimate tensile strength (σ max= 596 MPa), an increase of 70 % in 
fatigue strength. The positive effect on fatigue life occurs as a consequence of shot peening 
process, and its influence is greater as the maximum stress level decreases. However, the shot 

(a) (b) (b) 

 

 

(a) (b) 
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peening demonstrated efficiency in increasing fatigue strength on coated specimens, did not 
totally recover the reduction of fatigue life caused by thermal spray coating. 

 

Table 2 - Comparison study between WC-13Co-4Cr 

Specimens 

Fatigue Tests 

Stress (MPa) 

775 596 

WC-13Co-4Cr 19,326 Cycles 171,783 Cycles 

WC-13Co-4Cr+ SP 56,045 Cycles 584,062 Cycles 

Increase of Fatigue Life (%) 65 70 

 

The decrease in fatigue strength for chromium electroplated 15-5PH stainless steel (figure 6) 
is attributed to the high density of microcracks, as shown in figure 10. High tensile residual 
stresses in the chromium coatings strengthen interface coating/substrate, and variable 
amplitude loadings, are fundamental for fatigue crack nucleation and propagation across 
interface inside substrate. According to figure 10, the shot peening acts to retard or even avoid 
crack propagation, increasing fatigue life. 

Table 3 show the comparison between chromium electroplated and HVOF thermal spray 
coating on shot peened 15-5 PH stainless steel fatigue strength. As already mentioned both 
coatings decreased the fatigue strength for this material. The results in table 2 show better 
performance for the WC-13Co-4Cr HVOF thermal spray coating.  For the maximum stress 
applied  of 656 MPa the reduction induced by chromium electroplated process was 76 % in 
fatigue life related to base material results, and the same comparison with base material the 
reduction for thermal spray coat was 28,9 %. 

 

  

Fig. 10 - Fracture surface of axial fatigue specimen. Hard Chromium. (a) 15x; (b) 200x 

(a) (b) 
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Table 3 - Reduction of fatigue life related to base material 

Specimens Reduction in Fatigue Life (%) 

 

656 MPa 596 MPa 

WC-13Co-4Cr+ SP 28,9 % 42 % 

Hard Chromium+SP 76,4 % 58 % 

 

 

 

 

 

CONCLUSION 

1. Experimental results indicated higher microhardness for WC-13Co-4Cr in comparison to 
electroplated chromium.  

2. Electroplated chromium and WC-13Co-4Cr reduced the 15-5PH stainless steel axial fatigue 
strength. 

3. Compressive residual stresses were obtained for WC-13Co-4Cr HVOF thermally spray 
coated, at interface coating/substrate. 

4. Greater depth and width of compressive residual stress field is associated to shot peening 
process. 

5. The shot peening process increased the axial fatigue strength of 15-5PH stainless steel WC-
13Co-4Cr HVOF thermal spray coated. 
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ABSTRACT 

In this work, an analysis of the fatigue requirements of cladding materials as described by 
ASME B&PV and KTA codes has been performed using a stringency level methodology. 
Thus, ASME B&PV curves show a maximum fatigue stress requirements greater than those 
required by the KTA standards for the same number of cycles; this is from a value of 10 up to 
2 x 105 cycles. Applying the stringency level (SL) methodology, we have obtained a SL equal 
to 5 for ASME fatigue requirements and a SL equal to 4.6 for KTA fatigue requirements. 

Keywords: fatigue requirements, manufacturing codes, fatigue limit, requirements stringency. 

 

INTRODUCTION 

Fatigue behaviour is often associated with a variety of parameters such as the range of 
stresses, cycles to failure, the surface finish and the in-service conditions. Cracks usually start 
from small surface defects. Some manufacturing codes describe curves to predict fatigue 
crack initiation; these curves indicate the permissible number of cycles under mechanical 
stress condition to avoid cracks nucleation. 

The operating conditions of reactor pressure vessels require that the material used in the 
process of inner cladding present an adequate resistance to fatigue, because the materials used 
in the inner cladding of the vessel will substantially suffer the effects of fatigue stresses. To 
address this issue, an analysis of the fatigue requirements of cladding materials described by 
ASME B&PV and KTA codes has been performed. 

 

METHODOLOGY 

The methodology combines comparative calculations and graphic representation to estimate 
fatigue limits with the application of a stringency level (SL) methodology (Rodríguez-Prieto 
et al., 2016) to analyze the differences among KTA curves (KTA 3204, 2008) with the three 
specified classifications of severity (A, B and C) and ASME B&PV curve (ASME B&PV III, 
2015).  

 

RESULTS AND CONCLUSIONS 

Fig. 1 represents the maximum allowable stress versus the number of cycles specified by 
ASME B&PV and KTA manufacturing codes for cladding materials to be used in reactor 
pressure vessels 
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Fig. 1 - Representation of maximum allowable stress (MPa) versus number of cycles for 

KTA Curves A, B and C compared with ASME III 

ASME B&PV curves show a maximum fatigue stress requirements more stringent than those 
required by the KTA standards for the same number of cycles; this is from a value of 10 up to 
2 · 105 cycles. Table 1 exhibits the fatigue limit obtained by graphic representation of the 
values described by ASME B&PV and KTA codes. 

Table 1 - Fatigue limits and ratio between KTA curves (A, B and C) and ASME B&PV curve   

 
ASME 
B&PV  

    KTA 

A B C 
  

      Fatigue limit (MPa) 100 150 105 85 
Ratio KTA/ASME 1.5 1.05 0.85 

Considering that, in operating conditions and even under anomalous conditions, fatigue by 
cyclic stresses below the fatigue limit found at 2 · 105 cycles is not expected. Therefore, 
ASME B&PV fatigue requirements are more stringent that fatigue requirements specified by 
KTA. Applying a stringency level (SL) methodology, we have obtained a SL equal to 5 for 
ASME fatigue requirements and a SL equal to 4.6 for KTA fatigue requirements. 
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ABSTRACT 

This article studies the crack growth in mixed mode I-II using recent computational tools, 
namely the extended finite element method (XFEM) and the meshless technique: natural 
neighbor radial point interpolation method (NNRPIM). Different configurations of three-point 
bending (3PB) and compact tension (CT) specimens with modification to promote mode II 
loading were analysed. In addition, experimental tests with the modelled configurations were 
performed in order to evaluate the consistency and limitations of these approaches. 

Keywords: fatigue crack growth, mixed mode I-II, XFEM, meshless methods. 

 

INTRODUCTION 

Crack propagation under mixed mode loading is found in multiple applications. With the 
development of new numerical approaches, several computational techniques are available to 
model effect of shear loads in the crack propagation. This article explores these tools, namely 
the extended finite element method (XFEM), [1-2] and the meshless technique: natural 
neighbour radial point interpolation method (NNRPIM). XFEM technique has great interest in 
fracture mechanics due to the capability to model with high precision discontinuities as cracks 
using enrichment functions. As the literature shows, comparing with the solution of linear 
finite elements, the NNRPIM is capable to produce more accurate and smoother stress/strain 
fields, which is an advantage in facture mechanics. 

NNRPIM is a truly meshless method which uses the Natural Neighbour concept in order to 
enforce the nodal connectivity. Based on the Voronoï diagram small cells are created from the 
unstructured set of nodes discretizing the problem domain, the “influence-cells”. The 
Delaunay triangles, which are the dual of the Voronoï cells, are used to create a node-
depending background mesh used in the numerical integration of the NNRPIM interpolation 
functions. Unlike the FEM, where geometrical restrictions on elements are imposed for the 
convergence of the method, in the NNRPIM there are no such restrictions, which permits a 
random node distribution for the discretized problem. The NNRPIM interpolation functions 
possess the delta Kronecker property, allowing to impose directly the natural and essential 
boundary conditions, [3]. 

In order to promote crack growth in mixed mode I-II, modifications were made to three-point 
bending (3PB) and compact tension (CT) specimens. The pre-cracks of the 3PB specimens 
were not located in the specimen symmetry plane, but in a parallel cross section, creating a 
mixed mode situation when 3-point bending was applied. Holes were machined in the CT 
specimens in order to promote mixed mode conditions. 

Experimental tests were performed on Aluminium alloy AA6082 samples, 20 mm thick, for 
validation of numerical XFEM and NNRPIM analyses.  
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RESULTS AND CONCLUSIONS 

Results comparison allows to understand the reliability of these new numerical tools and their 
applicability to complex stress conditions in structures. Figures 1 and 2 show results for both 
specimens tests with diverse configurations to obtain different mixed mode crack growth. 

 
Fig. 1 - Three-point bending test with misaligned crack. 

 

  
a) miss-hole configuration b) sinkhole configuration 

Fig. 2 - Compact tension specimen with mixed mode crack propagation.  
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ABSTRACT 

Stainless 316 L steel is used primarily in the resistance to the high-temperature and low-
temperature structural material. Also it has become a widely used structural material at room 
temperature for highly corrosion resistance part. In this paper, we measured the strain 
controlled fatigue properties for 316 L steel at room temperature and the constant. 

Keywords: 316L stainless steel, LCF, fatigue properties. 

 

INTRODUCTION 

The specimens for simple tension test were designed with grip diameter of Ф 12 mm, length 
of reduced section of 18 mm, radius of fillet of R30 and gage length of 12 mm based on 
ASTM E8/E8M. The specimens for strain-controlled fatigue testing (LCF) was prepared from 
ASTM E 606 as shown above figure. Before testing, calibration of all components including 
load cell and extensometer were executed, and axis/angle alignment of test machine was also 
finely adjusted within class 5 to obtain the true data value with reliability. 

 

RESULTS AND CONCLUSIONS 

The results from the tensile tests are shown in Fig. 1. The load-displacement curve has two 
different regions. The first region is nonlinear and evolves to an approximately linear region. 
Table 1 shows the results for the stiffness parameters EI and EII. 

The most significant difference of tensile stiffness behaviour appears between Aris™ and 
TVTO™ on the EI (p=0.001) and EII (p=0.0003) regions. 

 

Table 1 - Uniaxial tension test results 

Tapes EI [(N/m)x1000] StD EII [(N/m)x1000] StD 

Aris™ 2.3898 0.2154 5.3705 0.5432 

TVTO™ 0.9428 0.1919 1.3083 0.2075 

Uretex™ 1.1367 0.1918 3.2231 0.1853 

Avaulta™ 1.7986 0.1925 3.7810 0.7626 

Auto Suture™ 1.0507 0.0766 2.2624 0.2658 
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Fig. 1 - True strain amplitude vs reversals to failure curve for 316 L stainless 

steel at room temperature. 
 

This study shows that there are substantial differences on the mechanical properties of 
different urogynecology meshes. Further tests should be performed in order to analyze other 
mechanical properties, such as flexural properties. 
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ABSTRACT 

Fatigue failures were frequently encountered in the pins of radius rods of driving axles of 
trolleybuses in city of San Francisco. Sufficiently representative stress-time histories for the 
critical cross section through this part were obtained by measurement carried out during rides 
with empty as well as fully loaded vehicle. Estimates of relevant fatigue characteristics were 
developed using information on used material, various surface treatments were taken into 
consideration. Parametric calculations of fatigue life were therefore feasible with the aid of 
the available data. The nCode software was used for all calculations. The purpose of these 
calculations was to ascertain whether these in-service failures in the structural parts of the 
vehicle could have been predicted (and prevented) during the design stage, and what their 
main cause had been. 

Keywords: fatigue life, fatigue failure, radius rod pin, service load, computational prediction 
of service fatigue life, nCode software 

 

INTRODUCTION 

Radius rods ensure the appropriate geometry of axles with respect to the vehicle underframe. 
Together with other parts of the axle suspension system (shock absorbers and air spring 
bellows), they ensure noiseless transmission of force from the axle to the vehicle under any 
dynamic conditions during the ride (starting, braking, running over irregular surface and 
others). The radius rod is a weldment consisting of a tube with a head on each end. Metal-
rubber bushings are press-fitted into holes in the heads. The configurations of the metal-
rubber bushings may vary. The typical one involves overhung conical pins. Vehicles in 
service suffered fatigue failures of these pins. The fracture location was in the narrow region 
adjacent to the radius transition to the conical part. 

 
Fig. 1 - Fatigue fracture of a radius rod pin 
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Figure 1 shows a photograph of a failed pin. After driving 70,000 miles a fatigue damage 
(initiation of fatigue cracks or complete fatigue fracture) occurred at approximately 50 of the 
total 612 pieces of installed and operated pins. 

Strain gauge testing and fatigue life assessment of heavily stressed structural details and parts 
of trolleybuses are carried out at various stages throughout the development process (Kepka, 
2015). The testing locations include several hundred critical locations on the vehicle, tested 
either during service load simulations on an electrohydraulic test stand or during prototype 
vehicle rides on actual routes. In the present case, the measurement was conducted at a later 
stage because the part in question (the pin of the radius rod of the rear axle) had not been 
expected to pose any problems based on previous experience. The data gathered in actual 
service included information about the part’s service life to failure. By comparing the 
information from service and the computational prediction of fatigue life, one could find 
whether the measurement and fatigue calculations would have been a sufficient basis for 
identifying the part as a critical one if it had been subject to scrutiny early on. 

 

LOADING CONDITIONS, MEASURED AND ANALYSED DATA 

Loading of both radius rods and radius rod pins were measured in real operational conditions. 
The representative data were obtained during the operation of a trolleybus on a city line of 
total length of 16.2 miles. The test roads included hilly profile typical for the city of San 
Francisco, varying quality of the road surface, breaking, starting, cornering etc. The 
measurements were carried out at two load conditions (payloads): driving with empty and 
fully loaded vehicle.  

 
Fig. 2 - Location of strain gauge T14 
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Figure 2 shows installation of all strain gauges. The strain gauge T14 was installed on the 
critical structural notch of the pin and therefore local deformations and stresses were 
measured directly. 

Figure 3 shows measured stress-time histories. 

Figure 4 shows stress spectra, which were evaluated with nCode software using the rain-flow 
method. The spectra are necessary for fatigue life calculation. 

 

 

 

 

 

Empty 

 

Loaded 

 
 

Fig. 3 - Measured stress-time histories - empty vehicle and loaded vehicle - strain gauge T14 
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Empty 
 

  

Loaded 
 

  

 

Fig. 4 - Two-parameter and one-parameter stress spectra - empty vehicle and loaded vehicle 
 

 

FATIGUE LIFE CURVES 

 

 
 

Fig. 5 - Description of fatigue life curve in nCode software 
 

Fig.5 is a copy of description of fatigue life curves used by nCode software. A durability of a 
material or a component against high cycle fatigue damage is commonly characterized by an 
σ-N curve, which describes a relationship between stress range ∆] and cycles to failure	 _̂. 
This relationship can be described for _̂ ∈ �10L, ^b1�	by the following nCode formula: 
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∆] = cde1 ∙ g _̂hi;,       (1) 
 
where SRI1 is an intercept at 1 cycle and j1 is a slope. 

 

The pin was made of steel CMo4 according to a Hungarian standard. Ultimate strength of this 
steel ranges between 700 - 900 MPa. Any relevant information about fatigue behaviour of 
CMo4 was not found in literature despite of a thorough search and therefore the fatigue curve 
had to be estimated only.  

Material 1 

The Uniform Material Law proposed by Bäumel and Seeger in 1990 was used as the first 
estimation method for determining the fatigue characteristics. The following Table 1 depicts 
the values, on which UML is based for unalloyed and low-alloy steels. 

 

Table 1 - Uniform Material Law (Bäumel, 1990) 

 kl = kl,mn + kl,on = ]_́q �2^�i + k_́�2^�r 

 ]_́ 1.5 ∙ ds j −0.087 k_́ 0.59 ∙ ψ u −0.58 ]v 0.45 ∙ ds kv 0.45dsq + 1.95 ∙ 10�M ∙ ψ 

v̂ 5 ∙ 10' w ´ 1.65 ∙ ds x´ 0.15 
 ψ = 1	for:	 dsq ≤ 3 ∙ 10�L 

ψ = �1.375 − 125 ∙ dsq � for:	 dsq > 3 ∙ 10�L	 and	ψ ≥ 0 

 

Material data generated from UML for a steel with UTS = 800 MPa are shown in Table 2. 
The material data are in format used by software nCode GlyphWorks for Strain-Life and 
Stress-Life approach. 

 
Table 2 - Fatigue characteristics of Material 1 (estimation according to UML) 

kl = kl,mn + kl,on = ]_́q �2^�i + k_́�2^�r 	 ∆] = cde1 ∙ g _̂hi;	Fatigue	Strength	Coefficient		 ]_́ 1200	MPa	 Stress	Range	Intercept	 cde1 3630	MPa	Fatigue	Strength	Exponent		 j −0.087	 Fatigue	Strength	Exponent		 j1 −0.1339	Fatigue	Ductility	Coefficient		 k_́ 0.5303	 Standard	Error	of	Log	Nf	 0.1	Fatigue	Ductility	Exponent	 u −0.58	Cyclic	Strength	Coefficient	 w ´ 1320	MPa	Cyclic	Strain	Hardening	Exponent	 x´ 0.15	
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Material 2 

The other option to receive a relevant material data was a usage of a German equivalent steel 
42CrMo4 with UTS = 1100 MPa. A material σ-N curve was statistically estimated from an 
experimental data from literature (Boller, 1998) in accordance with standard ISO 12107. 
Since the value of UTS of CMo4 is lower, the statistically evaluated curve was modified by 
decreasing stress range intercept cde1 while fatigue strength exponent remained the same. 
The estimated parameters of the fatigue life curve are presented in Table. 

 

Table 3 - Fatigue characteristics of Material 2 (estimation according to experimental data in the literature) 

∆] = cde1 ∙ g _̂hi;	Stress	Range	Intercept	 cde1 1584	MPa	Fatigue	Strength	Exponent		 j1 −0.063	Standard	Error	of	Log	Nf	 0.1	
 

The second fatigue strength exponent j2 (see Fig.5) was chosen conservatively j2 = j1 for 
both material fatigue curves. There was not any fatigue limit considered in the fatigue damage 
calculation. 

The estimated fatigue life curves are graphically interpreted in Fig.6. 

 

   
Fig. 6 - Estimated fatigue life curves 

 
 
FATIGUE LIFE CALCULATIONS 

The Palmgren-Miner rule was applied in this case study. According to this hypothesis, it is 
achieved the fatigue limit state (limit damage, initiation of a macroscopic fatigue crack, final 
failure) when the following condition is fulfilled: 

∑ ���� = 1� ,        (2) 

∆] = 3630(^� )-0.134

∆] = 1584(^� )-0.063
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x� is number of cycles with stress range	∆]� and �̂ is number of cycles to failure at the same 
stress range ∆]�. 
 

Local stress approach was used for the calculation. The procedure describes schematically 
Fig.7 (Ruzicka, 2001). The calculation considers local notch stresses and a material σ-N 
curve. 

  

 

Fig. 7 - General description of local elastic stress approach (Ruzicka, 2001) 
 
 

The main feature of a cycle that affects fatigue damage is the stress range. However, it is also 
influenced by the mean stress of each cycle. The Goodman mean stress correction calculates 
the effective stress amplitude ]m, which is used in damage calculation (2) instead of the stress 
amplitude	]l: 

 ]m = ��∙���������		,         (3) 

 
 
where UTS je ultimate tensile strength of material and ]s is a mean stress. 
   
All measured local stresses were below the yield strength and therefore no correction of 
plasticity was required. The nCode software allows taking into consideration a quality of the 
surface of the assessed materials and components. The fatigue life was estimated twice for 
both Material 1 and Material 2. In the first calculation there was not any surface correction 
involved (‘polished’ surface), in the other the surface finish was set to ‘good machined’. 
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Tables 4 to 7 show estimated fatigue lives for various combinations of service conditions and 
for defined σ-N curves (two estimated material σ-N curves with two surface finish 
modifications).  

Table 4 - Mean fatigue life for various combinations of service conditions, Material 1, Polished 

σ-N curve, Surface Material 1, Polished 
Empty (%): Loaded (%) 0: 100 20: 80 40: 60 60: 40 80: 20 100: 0 
Fatigue Life (1000 miles) 407 384 362 340 318 295 

 
Table 5 - Mean fatigue life for various combinations of service conditions, Material 1, Good Machined 

σ-N curve, Surface Material 1, Good Machined 
Empty (%): Loaded (%) 0: 100 20: 80 40: 60 60: 40 80: 20 100: 0 
Fatigue Life (1000 miles) 140 128 117 106 95 83 

 
Table - 6 Mean Fatigue life for various combinations of service conditions, Material 2, Polished 

σ-N curve, Surface Material 2, Polished 
Empty (%): Loaded (%) 0:  100 20: 80 40: 60 60: 40 80: 20 100: 0 
Fatigue Life (1000 miles) 460 757 1054 1351 1647 1944 

 
Table 7 - Mean fatigue life for various combinations of service conditions, Material 2, Good Machined 

σ-N curve, Surface Material 2, Good Machined 
Empty (%): Loaded (%) 0:  100 20: 80 40: 60 60: 40 80: 20 100: 0 
Fatigue Life (1000 miles) 152 176 202 226 251 275 

 
The stress spectra for empty and loaded vehicle have different shapes (Fig.4). The slopes of 
fatigue life curves of materials 1 and 2 are different and the fatigue curves intersect (Fig.6). If 
the fatigue curve of Material 1 used for predicting service life, than the operation with an 
empty vehicle comes computationally as more damaging. When the fatigue curve of Material 
2 is used, the operation with a loaded vehicle is more damaging for the critical cross section 
of the investigated component. 

The required service life of mechanical parts of trolleybuses was 500 000 miles driven. This 
value was reached only for Material 2, polished surface conditions. Furthermore, the 
predictions of service life in the tables are mean values of fatigue life, a value with only a 
50% probability of survival. It was therefore decided to implement further calculations in this 
case study. 

 

SCALE FACTOR CALCULATION 

The scale factor calculation can provide a usable feedback to a designer. It determines the 
value by which the stress-time history has to be multiplied to achieve specified target life, in 
this case 500 000 miles. Mean σ-N curves were used in the fatigue life estimation in the 
previous chapter. However, to reach a suitable reliability it is necessary to work with design 
σ-N curves, as we want to make a life prediction based on a particular percentage probability 
of survival. The deviation from the mean (50%) life is determined in terms of the value of 
standard errors. According to a respected standard (FKM-Guideline, 2012) a sufficient 
certainty of survival is equal to 97.5 % which corresponds to -2 standard errors. Therefore  log N̂(.' = log '̂$ − 2 ∙ �Standard	Error	of	Log	^��.   (4) 
 

The design fatigue life curves for Material 1 and Material 2 are shown in Fig. 8. 
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Fig. 8 - Design σ-N curves of Material 1 and Material 2 

 
The scale factor was calulated in the nCode software for both design fatigue live curves and 
for more realistic ‘good machine’ surface conditions. The Table 8 summarises the settings 
applied for the calculations and the results.  
 

Table 8 - Scale Factor Calculation Conditions and Results 

Settings 
Material Data Material 1 Material 2 
Surface Finish Good Machined Good Machined 
Mean Stress Correction Goodman Goodman 
Standard Error of Log N 0.1 0.25 
Service Conditions Loaded Empty 
Target Life 500 000 miles 500 000 miles 
Results 
Scale Factor 0.70 0.83 

 
The reduction of local notch stress of about 30% (Table 8, Material 1) is needed to meet the 
durability target, therefore significant changes in the component geometry are required. It can 
be achived by decresing nominal stress or changes in geometry (structural notch) of the 
component.  
 

RESULTS 

Several partial and step-by-step related results were presented in this case study. The local 
stress spectra were evaluated for the critical cross section of the considered component. The 
representative stress-time histories were measured in real traffic conditions. The fatigue 
characteristics of the material used for production of the component were estimated. Service 
life predictions of the investigated component were made for different operating load 
conditions of the vehicle. 

Based on the inverse calculations of fatigue damage was so-called scale factor determined as 
the recommended value of reduction of local stresses, in order to ensure the required service 
life with a defined reliability. 
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CONCLUSION 

It can be concluded that the causes of operational failures of the assessed radius rod pins were 
high stress concentrations in the critical (notched) cross section and a poor surface quality of 
the component. 

The presented case study showed how the nCode software can be used for parametric 
calculations of fatigue life and how the design of cyclically loaded components can be 
supported. 
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ABSTRACT 
This paper presents an investigation on low-cycle fatigue of aluminium alloy AW 1050 
welded joints welded by two methods (friction stir welding (FSW) and Tungsten Inert Gas 
(TIG)). Low-cycle unidirectional (R=0) stress-controlled loading tests were carried out and 
low cycle fatigue life curves were obtained in order to compare these two welding methods in 
terms of durability under elastic-plastic cyclic loading. 

Keywords: welded joints, FSW, TIG, low cycle fatigue. 

 

INTRODUCTION 

The process of welding is a reliable, low-cost and convenient method for joining mechanical 
components in case a permanent joint is required. Welded joints are often used in structures 
influenced by high loads which are not often repeatable, therefore, the elastic-plastic strain 
may occur in the weld. Under cyclic elastic-plastic loading, after the cycle number of 
hundreds - thousands, the fatigue crack appears which commonly causes failures. This 
phenomenon is known as fatigue failure. It is known that in welded joints failures usually 
happen in the heat affected zone (HAZ). Therefore, there is a need for other than conventional 
methods which would allow produce smaller HAZs. One of them is friction stir welding 
(FSW) considered as one of the most advanced for aluminium alloys and is used in various 
fields of industry: aviation, train and marine building, chemical industry etc. to weld 
aluminium materials which are difficult to weld by other processes (Smith, 2004).  

The problem of low-cycle fatigue remains still relevant despite years of long-lasting 
investigations in this field. Czechowski investigated low-cycle fatigue of friction stir welded 
Al-Mg alloys and compared them with joints welded by the metal inert gas (MIG) method 
(Czechowski, 2005). It was found that the FSW welds have better mechanical properties and a 
higher fatigue life in comparison to the joints welded by the MIG method. Ceschini et al. 
studied the tensile and low-cycle fatigue behaviour of FSW joints (Ceschini, 2007). The 
influence of the FSW processing parameters on the low-cycle fatigue behaviour was studied 
by Cavaliere et al. (Cavaliere, 2008). Kilikevičius et al. investigated low-cycle fatigue 
properties of aluminium alloy welded joints (Kilikevičius, 2016). 

This paper presents an investigation on the low-cycle fatigue life of AW 1050 aluminium 
alloy FSW and Tungsten Inert Gas (TIG) welded joints. The investigation is carried out under 
stress controlled unidirectional stress (R=0) cyclic loading in order to compare the influence 
of these welding methods on the durability of welded structures. 
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RESEARCH METHODOLOGY 

Cyclical properties of FSW and TIG welded joints were investigated by conducting low-cycle 
unidirectional (R=0) stress controlled loading fatigue tests using an Instron ElectroPuls 
E10000 universal testing machine, which has a dynamic loading capacity up to 10 kN. A 
personal computer with standard Instron BlueHill 3 software for static characteristics and 
Instron LCF software for fatigue analysis was used. 

Workpieces for specimens for the tests of the cyclical properties of FSW joints were produced 
welding two 110x50 mm plates of 1.5 mm thickness using a tungsten carbide square tip tool. 
The FSW was done at a feed rate of 100 mm/min and spindle speed rotation of 2000 rpm. 

Workpieces for specimens for the investigation of TIG welded joints were prepared joining 
two identical square plates of the same dimensions with closed square butt welds from both 
sides by using an MAL 4043 filler wire under an amperage of 65 A.  

The specimens were cut from the welded workpieces to the required dimensions using a laser 
cutting machine. The shape and dimensions of the used specimens are shown in Fig. 1. 

 

                              
                                                          a                                                   b                               c 

Fig. 1 - Shape and dimensions of used specimens (a); FSW welded (b); TIG welded (c) 
 

Monotonic tensile tests were conducted on the specimens in order to determine the 
mechanical properties of the FSW and TIG welded joints. The obtained mechanical properties 
are presented in Table 1. 
 

Table 1 - Mechanical properties of aluminium AW 1050 welded joints 

Weld type 
 σpr   σu epr 

MPa % 

FSW 55 92 0.198 
TIG  25 74 0.202 

 
The normalized stress and strain parameters were used in this study. Under stress controlled 
cyclic loading the variation of the normalized semicycle plastic strain hysteresis loop width (

δ
k ) with the increase in number of semicycles k, determines the cyclic stability of the material 

(in this case, the whole welded specimens). The normalized stress amplitude and the 
normalized semicycle hysteresis loop width are expressed as follows: 

 0
0

σ
σ

σ
=

pr

; 
δ

δ = k
k

pr
e

, (1) 
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where 0σ  is the loading stress amplitude, δ
k
 is the semicycle plastic strain hysteresis loop 

width, σ pr  and pr
e  are the proportional stress and strain limits, respectively, k = 2N and N is 

the number of cycles. 

It was noticed that the variation of the semicycle plastic strain hysteresis loop width kδ  is 

larger in even numbered semicycles and smaller in odd numbered semicycles ( )δ δ>
even odd

, 

therefore the semicycle plastic strain hysteresis loop width δ
k  dependence on the number of 

loading semicycles k can be expressed as follows (Daunys, 2009): 

 

 1,2 0 2
αδ

 
= − 

 
T

k

S
A e k , (2) 

 

where 0e  is the normalized initial plastic strain, TS  is the cyclic proportional limit, A1, A2 and 

α are the cyclic characteristics of the material in even and odd semicycles, respectively. 

The accumulated plastic strain after loading semicycles k, can be expressed as follows 
(Daunys, 2009): 

 0 0
1

( 1)σ δ= − + −∑
k

k

pk ke e . (3) 

 

The stress controlled low-cycle fatigue test can be approximated by the stress life curve 
(Bannantine, 1990): 

 ( )'σ =
b

i f f
S N , (4) 

 

where σ
i
 is the normalized stress intensity amplitude, '

f
S  is the fatigue strength coefficient 

which is approximately equal to the monotonic true fracture stress '
f

S , Nf  is the number of 

cycles to failure, b is the fatigue strength exponent. A smaller value of b results in a longer 
fatigue life of the component. 

 

RESULTS 

The results of the low-cyclic loading tests showed that the hysteresis loop width of loading 
semi-cycles remains constant as the number of semi-cycles increases, this indicates that both 
the FSW and the TIG welded joints are cyclically stable. 
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It was observed that the FSW and TIG welded joints are accumulating plastic strain in tension 
direction. The dependences of the accumulated plastic strain on the number of cycles are 
presented in Fig. 2 and Fig. 3. It is seen that the TIG welded specimens are more prone to 
accumulate plastic strain. 

 
Fig. 2 - Accumulated plastic strain pke  vs. loading cycles N for the FSW specimens 

 

 
Fig. 3 - Accumulated plastic strain pke  vs. loading cycles N for the TIG welded specimens 

 

The obtained low-cycle fatigue curves in coordinates 0σ  - N are shown in Fig. 4.  

 
Fig. 4 - 0σ  - N curves of the AW 1050 FSW and TIG welded specimens  
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The obtained low-cycle fatigue curves show that the FSW joints have a higher weld strength 
in compare to the TIG welded joints under low-cycle unidirectional (R=0) stress controlled 
loading. The obtained fatigue properties of the specimens are presented in Table 2. 

 

Table 2 - Coefficients of the stress life curve (Eq. 4) 

Weld type '
fS  b 

FSW 1.52 0.011 

TIG 1.39 0.005 

 

From the data above, it can be stated that the FSW specimens have a better fatigue life as they 
have a lower b value. 

 

 

CONCLUSIONS 

Stress controlled unidirectional stress (R=0) loading experiments were performed on 
aluminium AW 1050 alloy FSW and TIG welded joints in order to compare the influence of 
the welding method on the durability of welded structures. 

The results of the low-cyclic loading tests showed that the hysteresis loop width of loading 
semi-cycles remains constant as the number of semi-cycles increases, this indicates that both 
the FSW and the TIG welded joints are cyclically stable. It was observed that the FSW and 
TIG welded joints are accumulating plastic strain in tension direction. The TIG welded 
specimens are more prone to accumulate plastic strain. 

It was found that the FSW joints have a higher weld strength and a better fatigue life in 
compare to the TIG welded joints under low-cycle unidirectional (R=0) stress controlled 
loading. 
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ABSTRACT 

The current test method for impact attenuation for children’s playground surfacing EN 1177 
does not include a longitudinal test method to measure the expected life of the impact 
attenuating surface. This work proposes a test method to measure the accelerated usage of 
impact attenuating surfaces installed within children’s playgrounds. 

Keywords: biomechanics, cyclic loading, impact attenuation, playground surfacing.  

 

INTRODUCTION 

More than four decades has passed since the introduction of safety standards for Impact 
Attenuation Surfacing (IAS) used within children’s playgrounds. Falls in children’s 
playgrounds are a major source of injuries and IAS is one of the best safety interventions 
deployed to reduce the incidence and severity of playground injuries. EN 1177:2008 is the 
test method for the determination of impact attenuation performance of playground surfacing. 
Currently there is no method within this Standard to quantify the degradation in performance. 

 

TEST METHOD 

The purpose of this study was to create a longitudinal test method for unitary playgrounds 
IAS. The current standard for evaluating the performance of playground surfaces is assessed 
by the test method specified within EN 1177:2008 Impact attenuating playground surfacing - 
Determination of the critical fall height. The limitation of this standard is that it is used to 
evaluate the performance of a material at the time of testing and the results do not give a 
quantifiable measure of the longevity of the IAS.  

The longitudinal test method simulates the expected long-term degradation of IAS by 
applying repeated uniaxial compression loadings and observing the effect these have on the 
performance of the material. The performance of the material is assessed by first determining 
the critical fall height (CFH) by free-fall impacting a hemispherical missile onto the test 
sample in accordance with EN 1177. The maximum penetration of the missile was measured 
at the CFH and used as the initial cyclic loading displacement. This displacement was used to 
determine the loading force to be used during the cyclic loading of the test sample. Thereafter 
the cyclic testing was conducted under constant maximum force. The performance of the 
material as it degraded due to the repetitive loading was monitored.  

Three playground surface samples were tested, namely: a control sample and two prototype 
samples. Experimental results show that there is a trend of increasing depth of penetration 
relative to the number of cycles of the applied constant maximum force. Free-fall impacts 
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were conducted every one thousand cycles and compared with initial free-fall impact results 
to quantify the effects of the cyclic testing. Results of this study show that there is a decline in 
performance of the material as the sample is subjected to increasing cyclic loadings. 

 

RESULTS AND CONCLUSIONS 

Figure 1 shows the percentage reduction in the CFH of the 3 test samples plotted against the 
number of loading cycles. 

This study showed that, using this test method, there is a correlation between material 
degradation and performance of the IAS with respect to its ability to attenuate the forces 
associated with impacts. The significance of this study is that it provides a test method to 
assess IAS products based on their susceptibility or resistance to degradation and therefore 
provides a measure of the expected longevity of the IAS. 

 
Fig. 1 - Percentage reduction in the critical fall height versus the number of cyclic loadings 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 - Testing apparatus 
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ABSTRACT 

A main target of fatigue research is the development of accelerated fatigue testing methods in 
order to provide fatigue properties for the design process of cyclic loaded components and 
safety relevant parts.   

The scope of load controlled fatigue tests is the characterisation of the influence of mean 
stresses and notches on the fatigue strength as well as the determination of the influence of 
material selection and joining technologies on the fatigue life of components. The usage of 
high test frequencies is possible, if an influence of the test frequency on fatigue life can be 
neglected. If it is not possible to quantify the influence of the load frequency on the fatigue 
life, service load relevant test frequencies should be used to perform fatigue test in order to 
evaluate reliable fatigue properties for the numerical fatigue approach. 

A Fatigue Life Curve is introduced, which allows a description of fatigue life from the Low 
Cycle Fatigue (LCF) regime across the High Cycle Fatigue (HCF) up to the Very High Cycle 
Fatigue (VHCF) regime. It comprises a combination of strain and load controlled fatigue 
testing in order to derive the parameters for the description of the fatigue-life relation This 
continuous fatigue life curve for aluminium wrought alloys, which is based on the evolution 
of the elastic-plastic material behaviour as well as on the results of high frequency testing up 
to the VHCF regime, will be discussed. 

Keywords: fatigue, continuous fatigue life curve, LCF, HCF, VHCF. 

 

INTRODUCTION 

In order to consider the cyclic material behaviour during the design process of cyclically 
loaded components and safety relevant parts the importance of local strain based fatigue 
design approaches is growing continuously. For the damage impact of load-time histories on 
components like chassis parts, standard service loads with amplitudes settled in the  HCF and 
VHCF regime as well as overloads and misuse with load amplitudes from the LCF regime 
have to be considered in order to perform a reliable fatigue life estimation. Therefore a 
continuous fatigue life curve from the LCF up to the VHCF regime, which covers all relevant 
damage mechanisms, is required. 

In order to evaluate the cyclic material behaviour up to 1·106 or maybe 1·107 cycles to failure, 
strain controlled fatigue tests are the appropriate choice. In case of aluminium wrought alloys 
the tri-linear strain life curve, which has been developed and validated during previous 
research, enhances the accuracy of the mathematical approximation of the test results.  
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Regarding the time consumption and overall expenses, the experimental evaluation of the 
properties to describe the third regime is a challenging task. As a result of the load magnitude 
within this fatigue regime, the stress-strain behaviour is macroscopic elastic. In this case, no 
differences between load or strain controlled fatigue tests should be noticeable. A fatigue test 
result transfer from the stress-life to the strain-life system may then be realized by dividing 
the amplitude by the Young’s modulus, as long as the fatigue strength is not influenced by the 
test frequency. 

 

RESULTS AND CONCLUSIONS 

The results of fatigue testing have shown, that the influence of test frequency on fatigue life 
of aluminum wrought alloys significantly depends on the heat treatment. This means that 
fatigue strength of a chemically identical material can be subjected to an influence of the test 
frequency or not. In case of a noticeable influence of the test frequency on the fatigue 
strength, the endurable load amplitude will increase or decrease for a given number of cycles. 
As long as a reliable method to consider the frequency influence on the fatigue strength is not 
available, an acceleration of fatigue testing by increasing test frequency is not appropriate. 
Possible methods for an assessment of the frequency influence have to consider the 
observation, that the slopes of the Wöhler curve are not affected by the test frequency, while 
the fatigue strength depends on the test frequency.  

In order to describe a continuous fatigue life curve from the LCF up to the VHCF a 
combination of strain and load controlled fatigue testing enables a time and cost reduction. In 
order to assign damage relevant material models, the course of the fatigue life relation is 
divided into three parts with a linear approximation for the elastic and plastic strain part in 
order to describe the fatigue life relation in each part. The first part contains predominantly 
loads belonging to the Low Cycle Fatigue regime, which cause macroscopically observable 
yielding. In the second part of the fatigue-life relation, the medium fatigue regime, the initial 
loading cycles cause an elasto-plastic stress strain state, which, as a result of the cyclic 
hardening, converts to a macroscopically elastic stress-strain state after a certain number of 
cycles. Due to the elasto-plastic nature of the stress-strain, strain-controlled fatigue testing 
have to be used to determine the fatigue-life relation for the first and the second part. In the 
third part, the high cycle and very high cycle fatigue regime, only elastic loads are present. 
The slope from the high frequency load controlled fatigue tests is therefore determined by 
stress controlled testing with high frequencies. Accordingly, the concave knee point between 
the second and the third part of the fatigue life relation, which refers to the transition from 
macroscopic elastic to elastic-plastic stress-strain behavior during the initial loading, will be 
derived by the evaluation of stress-strain behavior. The slope and the knee point allow the 
description of the third part of the fatigue life relation, which covers the Very High Cycle 
Fatigue regime. Furthermore, analyzing the initial stress-strain curves of all strain controlled 
fatigue tests allows the derivation of a scatter band for the third regime. 
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ABSTRACT 

Assessments of the durability of products made from metallic materials are carried out on the 
basis of safe durability model and/or on the basis of the concept of safe development of crack. 
Extensive operating experience and accumulated volume of experimental data give sufficient 
confidence to designers when metal products designing with the required durability. Unlike 
metals, composite materials represent a heterogeneous and anisotropic medium. The inherent 
structure of composite materials considerably complicates the nature of development of 
technological defects and operational damages from the moment of crack starting until the 
carrying capacity of the product. As a result, all this leads to a revision of the guidelines (see, 
for example, [1]), as the concepts of safe development of crack, and models a safe life. In the 
present work the changing of residual strength of composite material at cyclic testing is 
studied within the safe life model and its relation with the characteristics of static strength. At 
this the cyclic stress amplitude may be both constant with asymmetry coefficient R to zero 
and valuable. 

Keywords: fatigue, composite material, mathematical model, testing, construction. 

 

INTRODUCTION 

It is assumed that the residual strength ϭr is a random function of load cycles number n. Each 
of its implementation could be presented as a linear function of the static tensile strength ϭb, 
amplitude ϭ cyclic stress and power function of quotient of the current number of cycles n to 
the previous (N-1) of N number of loading cycles  

ϭr = ϭb + (ϭ -ϭb) y
α,  y = n/(N-1)        (1) 

The possibility of random implementation describing with formula (1) is confirmed 
comparison with experimental data, cited in [2],  

Moreover it is assumed that the static strength σb of composite material obeys the three 
parameter Weibull distribution  

F(σb) = 0, if  σb< σb0  and  F(σb) = 1 - exp{1 - [(σb - σb0)/δ]γ}, if  σb ≥ σb0  (2) 

As a result of the analysis of distribution laws of residual strength σr and normalized residual 
strength relative to the amplitude of cyclic stress х = σr/σ is shown that the normalized 
residual strength x also distributed by Weibull law  

Р(Ξх< х)=1- ехр{-[(х-х0)/δх]
γ}       (3) 
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with threshold value х0 =  yα + (1 - yα)σb0 /σ, scale parameter δх =  (1 - yα)δ/σ  and Weibull 
modulus γх = γ.   

Case, where residual strength σr turns equal amplitude σ cyclic loading (x = 1), was adopted 
for the exhaustion of the carrying capacity of the sample. In case  x = 1 the value (3) 
corresponds to the probability of fracture when load numbers, ranging from 1 to N. Number 
of cycles of loading N, in which the probability of event x = 1 is the maximum is considered 
as limiting. This condition leads to dependence 

 σ = σb0+ δ (N)-1/γ,   (4) 

which connects the amplitude cyclic stress σ with the number of cycles to failure N (S ∼N - 
curve). Noteworthy, that parameters σb0, δ and γ  in ratio (4) coincide the parameters of static 
strength σb distribution of composite material (see relation (2)). 

 

RESULTS AND DISCUSSION 

The resulting ratio (4) provides a very convenient and easy way to predict the durability of 
composite materials, especially in the early stages of development of the material. Adopted 
consistent assumptions and made strict conversions are justification for the verification of the 
developed mathematical model of durability 

The dependence 
σ = δ (N)-1/γ,    (5) 

as well as dependencies (4), is received in [3] by a somewhat different way and in assuming 
that static strength σb of composite material obeys two parameter Weibull distribution. In 
researches [3] much attention paid to reviewing the adequacy of the prediction results by (5) 
in order to assess the durability of various composite materials with different ways of loading, 
including the construction of diagrams Goodman. It is shown that the results of the 
predictions from equation (5) vary from very good to poor. In [3] the efforts have been made 
to improve predictions by integrating the stress amplitude changes during cyclic loading 

In our researches the suitability of the resulting ratio (4) for predicting the durability of 
composites is established by comparison with both own experimental results and published in 
the available literature data. The justification (comparisons with test results) was performed 
with adopted the uncertainties, especially regarding the establishment of the threshold σb0. 
Thus the resulting generalized ratio (4) is recommended to use for assessment of the 
durability of composite materials only on the preliminary stages of designing 
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ABSTRACT 

Proposed computational equations which use Palmgren-Miner law for service life calculation 
are implemented into AntHill commercial software package. The next important input 
parameters are data from the S-N diagram with function of variable standard deviation and 
also evaluated stress ranges and cycles by Rain Flow Method from blade steady and vibratory 
stress analysis during aircraft ground and flight operation. AntHill software based on Monte 
Carlo simulation method is used to analyze probability of the blade failure and obtain the 
results in tables and graphs forms [1]. Failure probability assessment and deterministic 
calculation with appropriate safety coefficients were performed and relationship between 
safety coefficients and required failure probability is evaluated. 

Keywords: S-N diagram, probabilistic assessment, propeller blades, failure. 

 

INTRODUCTION 

Civil aviation agencies around the world require propeller safety analysis. Fault Tree Analysis 
and Failure Mode and Effects Analysis are standard use in the safety analysis. Failure of the 
propeller blade is a primary failure; it means a failure which is not the result of the next 
failure of another propeller part. Very low probability of this failure occurrence per propeller 
flight hour is required by Civil Aviation Agencies around the world. Probabilistic assessment 
is based on Monte Carlo method which uses input data from the blade fatigue tests and 
steady/vibratory stress analysis of the propeller blades. 

 

RESULTS AND CONCLUSIONS 

A total twenty-nine propeller blades were tested by using special test equipment which uses 
pressure air like an excitation force and blade natural frequency of the blade first flatwise. The 
goal of the fatigue tests was also cover conditions of blade service deterioration. The 
experimental results were plotted in to diagram and classified according to history of blade 
service conditions. Four selected stress levels are shown in Fig. 1. Two parametric model for 
the S-N curve approximation were used and the slope of this curve were evaluated. 
Approximation of the standard deviation is an important input in to probabilistic assessment 
of the blade failure. The function (1) was found and used in the range from 1×105 to 1×109 
cycles, where � and j are coefficients based on minimum square method. 

 � = � 1�� + j ∗ σ�� ∗ �����^�� − 5� ∗ 0.03� − 0.01 (1) 
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Finite Element Analysis was used for modal analysis to found the blade natural frequencies 
and locations with maximum stress for each blade natural shape as a function of propeller 
rotational speed. The results of the modal analysis were plotted in to Campbell frequency 
diagram by reason of to find possible resonance propeller rotational speed based on 
intersection between blade natural shape and excitation frequencies. The excitation 
frequencies are generated by engine dynamic characteristics or aircraft airframe configuration 
or ground/flight regimes. The correct results from modal analysis are verified during the 
laboratory frequency test with simulated boundary conditions of the blade retention in 
propeller hub. The final confirmation of the correct modal analysis is done during ground and 
flight steady and vibratory stress analysis of the propeller installed on the engine at aircraft 
operation. The detail evaluation of the selected strain gages and regimes are performed by 
Rain Flow Method and frequency analysis based on Fast Fourier Transform (FFT). 
Probabilistic assessment uses the measured stress histograms and variability of these 
histograms to consider the all possible stress values during propeller service operation. Stress 
histogram of the whole flight are shown in Figure 2..  

            

Fig. 1 - Density of probability function   Fig. 2 - Histogram for the whole flight  

Random background of the fatigue characteristics and propeller loading allow to using 
probabilistic modeling based on random variables with appropriate distributions to obtain 
probabilistic assessment of the blade primary failure. A series of probability models were 
designed with the aim of evaluation of different input parameters. 

Very low failure probability per one propeller flight hour is required by aviation agencies for 
primary failure of the propeller critical parts such as the propeller hub, blade retention and 
blades. Detailed assessment of the results from the fatigue tests and steady and vibratory 
stress loadings during ground and flight operation will allow us to obtain inputs for stochastic 
method of service life calculation. Stochastically calculated flight hours are a function of 
failure probability and combination with the results from deterministic method which are 
using series of safety coefficients has resulted in linkage between safety coefficients and 
failure probability.  
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ABSTRACT 

The application of a laser beam welding process to join steel to aluminium using a high-
power laser is demonstrated to provide a joining process for semi-manufactured steel-
aluminium products for the maritime industry. On the basis of lap joints made of S355 steel 
(t = 5 mm) and the aluminium alloy EN AW-6082 T651 (t = 8 mm), the feasibility of joining 
dissimilar materials is shown. To date, a combination of steel and aluminium is well known to 
have a low weldability due to the differing physiochemical properties of the two materials and 
the formation of intermetallic phases. The weld seam quality and strength greatly depends on 
the amount of intermetallic phases within the joint and the local weld geometry, so that 
different process parameters are investigated within the welding process development. Quasi-
static investigations on lap joints and adapter specimens, with up to six weld seams, show an 
increase of the tensile shear strength for optimised parameters and for an increased number of 
weld seams. The dependency of the quality of the weld on the major geometrical parameters, 
weld width and penetration depth, is moreover shown by the fatigue strength of lap joints. 
Promising fatigue test results on adapter specimens emphasise the potential for applying steel-
aluminium laser welds in ship design in the future.  

Keywords: fatigue, lap joint, high-power laser welding, steel-aluminium dissimilar joint. 

 

 

INTRODUCTION 

The Energy Efficiency Design Index (EEDI) has been introduced in order to reduce the CO2 
footprint and, hence, the fuel consumption in shipping (ICCT, 2011). An increased 
environmental consciousness in ship building, as well as in the automotive industry, has 
advanced lightweight design. In the course of decreasing fuel consumption and decreasing the 
total shipping weight, lightweight construction materials, such as aluminium, are used and 
have to be joined in hybrid material combinations. Therefore, costly explosive welding is 
used to join steel to aluminium in the field of yacht design. Fig. 1 shows a designed explosive 
welded adapter (Buijs, 2004) and the application area within ship design (FSW-Ship project, 
2013). An overview of the many mechanical and thermal technologies for welding steel to 
aluminium is given by Lahdo et al. (Lahdo et al., 2016). The aim of recent research has been 
to substitute the planar joined adapter, manufactured by the costly and time consuming 
explosive welding technology.  
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However, in thermal joining processes (e.g. laser beam welding) of dissimilar materials, 
differing physiochemical properties, characterised by different melting points, thermal 
conductivities and thermal expansion coefficients, as well as the formation of intermetallic 
compounds (brittleness), due to limited solubility, have to be considered (Klock and Schroer, 
1977; Kreimeyer et al., 2004). As a result of an increased hardness of approximately 1000 HV 
and a low ductility, the existence of intermetallic phases with high aluminium content, 
particularly Fe2Al5 und FeAl3, in the weld seam weakens the welded joint (Kallage, 2013). 
Therefore, the material combination of steel and aluminium has been well known to date for 
exhibiting a low weldability. 

 
Fig. 1 - Explosive welded adapter (Buijs, 2004) (a) and a typical application of steel-aluminium joints in ship 

design (FSW-Ship project, 2013) (b) 

 

 
EXPERIMENTAL PROCEDURE 

The feasibility of a joining process for dissimilar materials, such as steel and aluminium, for 
maritime applications will be presented using the high-power laser welding system TruDisk 
16.002 with a maximum laser power of 16 kW (Trumpf Laser- und Systemtechnik GmbH). A 
focal length of 300 mm and a line of collimation with a length of 200 mm were used, so that a 
theoretical spot diameter of 0.3 mm resulted when considering a fibre diameter of 0.2 mm. 
The development of an adequate one-sided welding process was carried out on dissimilar lap 
joints made of the aluminium alloy EN AW-6082 T651 (t = 8 mm) and S355 steel (t = 5 mm) 
with the mechanical properties defined in Table 1. For the determination of the influence of 
the fusion zone with respect to the formation of intermetallic phases, the weld width and 
penetration depth as well as existing cracks were investigated in weld trails with a constant 
laser power of 6 kW and a variation in welding speed. The welding trials were carried out 
using spot diameters of 0.6 mm and 1.2 mm (corresponding to a defocusing of ∆z = -5.0 mm 
and ∆z = -12.5 mm).  

Table 1 - Mechanical properties of applied materials and the ref. material EN AW-5083 H111 

Material Yield strength 
[MPa] 

Tensile strength 
[MPa] 

S355 (t = 5 mm) 456 556 
EN AW-6082 T651 (t = 8 mm) 303 325 
EN AW-5083 H111 (t = 8 mm, reference material) 145 287 

 

In order to characterise the mechanical properties of the joint, specimens of 25 mm width 
were manufactured from the welded sheets by water cutting. A one-sided lap joint with a 

a)                                             b) 
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single weld seam is shown in Fig. 2 (a). In addition to a single weld seam, the influence of the 
number of welds was investigated using specimens with multiple weld seams, cf. Fig. 2 (b). 
On the basis of multiple lap joints, an adapter specimen made of S355 and EN AW-6082 
T651 corresponding to Fig. 2 (c) has been developed. The final aim of the research work was 
to design an adapter, which can be manufactured as a semi-finished product and integrated 
into the production process of a ship. This adapter will be applied as a link between the hull, 
made of shipbuilding steel, and the superstructure, made of an aluminium alloy, e.g. EN AW-
5083 H111, whose mechanical properties have been added to Table 1. 

 
Fig. 2 - Lap joint with a single weld seam (a), a triple weld seam (b) and an adapter specimen with six weld 

seams (c) 
 

The assessment of laser beam welded steel-aluminium joints consisted of three stages, as 
shown in Fig. 3. Firstly, geometrical parameters (weld width between the steel and aluminium 
sheet, penetration depth of the weld into the aluminium alloy as well as crack length of the 
fusion zone) of the welds were evaluated. Secondly, the quasi-static mechanical properties of 
lap joints and adapter specimens, produced using promising process parameters, were 
determined and, thirdly, fatigue strength was investigated by fatigue testing for two parameter 
sets. 

 
Fig. 3 - Assessment procedure for steel-aluminium laser welded joints 

 

RESULTS 

Weld geometry and crack length resulting from analysis of the micro-section  

In order to determine the influence of the energy per unit length on the weld seam geometry, 
the weld width ww, the penetration depth dp, and the crack length lc,, measured in micro-
sections of the steel-aluminium lap joint, were taken. These parameters were investigated 
using a light microscope. The measured crack length was the summation of all cracks within 
the weld-in area of the aluminium alloy, as shown in Fig. 4(2). The measured values and the 
micro-sections, presented in Fig. 4, show the interaction of the energy per unit length for 
bothof the spot diameters used, ds = 0.6 mm (top) and ds = 1.2 mm (bottom). For both spot 
diameters, the weld width and the penetration depth increased with increasing energy per unit 
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length. An average width weld between 0.7 mm and 0.9 mm and an average penetration depth 
between 0.5 mm and 1.0 mm were found when using a spot diameter of 0.6 mm. In contrast to 
the smaller spot diameter of 0.6 mm, an average weld width between 1.3 mm and 1.7 mm and 
an average penetration depth between 1.2 mm and 2.7 mm were determined when using a 
spot diameter of 1.2 mm. However, there was a high degree of scatter of the measured values, 
regardless of spot diameter.  

 

 

Fig. 4 - Penetration depth, weld width and crack length as a function of the energy per unit length using a spot 
diameter ds of 0.6 mm (a) with cross-sections (1-3) and ds 1.2 mm (b) with cross-sections (4-6) 

 
The crack length increased with an increasing penetration depth, as a result of a higher energy 
per unit length. The increased crack length can be explained by the fact that higher aluminium 
content in the weld metal tends to form a higher proportion of hard and brittle intermetallic 
compounds. In particular, the different coefficients of thermal expansion of steel material and 
aluminium alloy, combined with brittleness, create cracks during the solidification. 

In addition, the measurement of the weld width and the penetration depth of all weld seams 
was performed, not only based on micro-sections, but also using a sensing device for all lap 
specimens. The ratio between weld width and penetration depth ww/tp can be used as a 
parameter that is related to the fatigue strength. The parameters vary strongly within each 
testing series and, even, within a part of the weld seam. In order to improve the 
reproducibility of the weld seam geometry, the penetration depth must be adjusted by a 
control unit. 

a) 

b) 
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Evaluation under quasi-static loading 

Tensile shear tests were carried out to determine the influence of the energy per unit length on 
the shear force for the two different spot diameters of 0.6 mm and 1.2 mm. 

 

 

Fig. 5 - Results of the tensile shear tests using spot diameters of ds = 0.6 mm (a) and ds = 1.2 mm (b) 
 

In Fig. , the results of the tensile shear tests (shear forces) for the spot diameters of 0.6 mm, 
Fig.  (a), and of 1.2 mm, Fig.  (b), are shown. The convex course of the shear force is similar 
for both spot diameters, so that a maximum can be found with an increasing energy per unit 
length, after which there is a decrease, despite an increasing weld width, as a result of an even 
higher energy per unit length. For the latter case, the negative influence of increasing crack 
length on the shear force is higher compared to the increase in weld width. Especially, 
transversal cracks lead to a premature failure of the weld seam, when a high energy per unit 
length and, hence, penetration depth are applied. However, using a spot diameter of 0.6 mm 
and an energy per unit length of 95 kJ/m, a shear force of approximately 5 kN is achieved. 
With a spot diameter of 1.2 mm, a higher maximum shear force of 9.7 kN is found using an 
energy per unit length of 360 kJ/m (welding speed of 1.0 m/min). 

 

 

 
Fig. 6 -Results of the tensile shear tests for varying numbers of weld seams using a constant energy per unit 

length of 300 kJ/m and of 360 kJ/m 

a) b) 
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In order to investigate the influence of the number of weld seams on the shear forces, the 
number of weld seams was varied from one to four using a spot diameter of 1.2 mm and a 
constant energy per unit length of E = 300 kJ/m and E = 360 kJ/m, respectively. Fig. 6 shows 
the results of the tensile shear tests for multiple weld seams. The shear force increased 
continuously for the welding process with an energy per unit length of 300 kJ/m: around 32 % 
from one to two weld seams, 23 % from two to three weld seams and 7 % from three to four 
weld seams. The maximum shear force of 21 kN was reached for four parallel laser weld 
seams. At an energy per unit length of 360 kJ/m, the maximum shear force was found for 
three weld seams. In contrast to the results for E = 300 kJ/m, the shear force decreases 
slightly, by 4 %, when increasing the number of weld seams from three to four. This can be 
explained by a higher distortion resulting from a higher energy per unit length. Therefore, the 
weld seam is loaded by additional bending stresses induced by clamping into the test rig. In 
conclusion, three parallel weld seams were chosen for the manufacture of the adapter. 

The steel-aluminium adapter was manufactured by a double-side welding of each three weld 
seams using a spot diameter of 1.2 mm, see Fig. 2(c). A sample (length: 280 mm, width: 
25 mm) of the adapter was taken to determine the maximum tensile force under quasi-static 
loading. Fig. 7 shows the result of the tensile tests, where the penetration depth depends on 
the energy per unit length and, therefore, determines the static strength of the adapter. 

 

 
Fig. 7 - Maximum tensile force under quasi-static loading of the adapter consisting of S355 and EN AW-
6082 T651, as a function of the energy per unit length; also showing representative different failures types 

 

The maximum tensile force depends on the achieved penetration depth and the weld width, as 
a result of the defined energy per unit length. Thereby, the average maximum tensile force 
decreases with increasing energy per unit length. Using an energy per unit length of 300 kJ/m, 
an average maximum tensile force of 31 kN can be achieved. The base material of the 
aluminium alloy EN AW-5083 H111 is able to resist a force of 29 kN (for a tensile strength of 
145 MPa), which is exceeded by 7 % for the adapter specimen. Due to comparably low 
penetration depths, such weld seams unbutton under quasi-static loading. The highest 
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measured tensile force of more than 35 kN was observed for one tensile test in the test series 
with E = 300 kJ/m, which failed by simultaneous unbuttoning of all six weld seams (marked 
in green in Fig. 7, top). Due to a variation in penetration depth, a one-sided failure can occur 
and, consequently, the maximum tensile force is reduced to 25 kN (marked in green in Fig. 7, 
bottom). An increased energy per unit length leads to a reduced tensile force of 15 kN 
(marked in yellow in Fig. 7). 

 

Evaluation under cyclic loading 

For the fatigue assessment, tests under axial cyclic tensile pulsating loading (load ratio of 
R = 0) at constant load amplitude (Wöhler tests) were performed on a servohydraulic test rig 
at a frequency of 30 Hz until total rupture of the specimen. Characteristic parameters 
concerning the welding process and specimen measurements (mean value) of six test series 
(TS), which were deemed the most favourable on the basis of the geometrical and quasi-static 
assessments, are documented in Table 2. The geometrical ratio between weld width and 
penetration depth has been added to Table 2. 

 

Table 2 - Overview of characteristic parameters of test series for fatigue testing of lap joints with one and three 
weld seams as well as adapter specimens with six weld seams 

Test 
series 

Number of 
weld 
seams 

Welding 
speed 

Energy 
per unit 
length 

Defocus-
ing 

Spot 
diameter 

Weld width Penetration 
depth 

ww 

dP (TS) vw [m/min] E [kJ/m] ∆z [mm] ds [mm] ww [mm] dp [mm] 

1A 1 1.2 300 -12.5 1.63 1.4 2.2 0.6 

1B 1 1.0 360 -12.5 1.63 1.6 3.2 0.5 

1C 1 1.2 300 -12.5 1.63 1.6 1.4 1.1 

3B 3 1.0 360 -12.5 1.63 2.0 2.5 0.8 

3C 3 1.2 300 -12.5 1.63 1.7 1.5 1.2 

6C 6 1.2 300 -12.5 1.63 1.6 2.2 0.7 

 

The Wöhler tests showed a deviating failure behaviour compared with the tensile tests. 
Furthermore, different modes of failure were observed within the test series for lap joints with 
one weld seam. These can be explained with the help of camera tracking to the side of the 
specimens, so that the modes of failure in Fig. 8 were characterised as follows (red arrows 
denote the loading direction): 

a) Failure due to crack propagation through the aluminium base material and crack initiation 
in the transition from the fusion zone to the aluminium sheet (representative failure of the 
test series 1A and 1C). 

b) Failure due to shear through the weld seam (representative for test series 1B), which can be 
traced back to cracks within the weld seam. This was confirmed by computer tomographic 
measurements. 
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Fig. 8 - Modes of failure in fatigue testing of lap joints with one weld seam (side view) due to crack propagation 
through the aluminium base material (a) and due to shear through the weld seam (b) compared to the non-load 

condition (c) 
 

The evaluation of approximately 8 fatigue tests in each test series, according to the Maximum 
Likelihood Method (Spindel and Haibach, 1978), resulted in load-dependent Wöhler curves, 
as shown in Fig. 9.  In addition to the scatter TF, the Wöhler curves were defined by the load 
amplitude Fa at cycles to failure of N = 2·106, a knee point Nk as well as the slope before (k) 
and after (k*) the knee point. The slope after the knee point was set to k* = 22, corresponding 
to the recommendations for welded joints (Hobbacher, 2016; Sonsino 2007). The Wöhler 
curve for test series 1B, characterised by a width-to-depth ratio of ww/dp = 0.5 and shear 
failure, showed the lowest fatigue strength. The fatigue strength increased with rising weld 
width per penetration depth for TS 1A (ww/dp = 0.6) and especially for TS 1C (ww/dp = 1.1), 
while the scatter was decreased. A high weld width, a reduced penetration depth and a good 
weld seam quality in terms of a small crack length were the key considerations for increasing 
the fatigue strength. 

 
Fig. 9 - Wöhler curves for fatigue test results of lap joints with one weld seam 
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For two different sets of welding process parameters, 11 to 12 fatigue tests (R = 0) on lap 
joints, with triple weld seams (test series 3B and 3C, see Table 2) and a free length of 
approximately 160 mm, were performed. In another test series on adapter specimens with six 
weld seams (TS 6C, see Table 2) and a free length of 162 mm, 13 test results were achieved. 
Crack propagation through the aluminium sheet starting from the tip of the fusion zone, Fig. 8 
(a), was identified to be the representative mode of failure for these tests under cyclic loading. 

Wöhler curves for lap joints with a triple weld seam and adapter specimens with six weld 
seams, evaluated according to (Spindel and Haibach, 1978), are compared to that with a triple 
weld seam in Fig. 10. All slopes of the Wöhler curves in the high cycle fatigue regime were 
almost parallel, within the range 3.1 ≤ k ≤ 3.4. Values for the scatter TF, the fatigue strength in 
terms of load amplitudes Fa at cycles to failure of N = 2·106 and at the knee point Nk have 
been added to Fig. 10. For lap joints, Wöhler curves of the test series 1C and 3C show 
increased fatigue strengths compared to TS 1A and 3B and this can be traced back to the 
influence of the width-to-depth ratio. Finally, an additional increase in fatigue strength to 
Fa = (N = 2·106) = 1.28 kN was found for adapter specimens. 

 

 
Fig. 10 - Wöhler curves for the comparison of lap joints with a single and a triple weld seam as well as adapter 

specimens with six weld seams 
 

 

CONCLUSIONS AND OUTLOOK 

The feasibility of using a laser beam welding process for steel-aluminium joints was 
demonstrated at bench scale. The investigation on the welding process parameters included a 
variation of the focal length and the energy per unit length. On increasing the energy per unit 
length, the weld width, the penetration depth and, furthermore, the crack length measured 
from the micro-section all increased. On the basis of quasi-static parameters for steel-
aluminium welds, high shear forces were found for the energies per unit length of 300 kJ/m 
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and 360 kJ/m (corresponding to welding speeds vw = 1.2 m/min and vw = 1.0 m/min) using a 
spot diameter of 1.2 mm. For lap joints with single weld seams, a maximum shear force of 
10 kN and, for triple weld seams, a maximum shear force of 21 kN could be achieved (both 
for E = 300 kJ/m). Realisation of an adapter with six weld seams to join steel and aluminium 
(double sided each with three welds), resulted in an additional increase in the average 
maximum tensile force of 31 kN (E = 300 kJ/m). 

The comparison of Wöhler curves for lap joints with a single and a triple weld seam shows 
that the influence of the applied welding process parameters and the local weld geometry, i.e. 
weld width and penetration depth, are the dominating effects for a fatigue assessment, in 
contrast to the number of weld seams. As a result, from Fig. 11 (a), no increase of the fatigue 
strength (-6 %) for triple weld seams (TS 3C), compared with single weld seams (TS 1C), was 
found at an energy per unit length of 300 kJ/m (welding speed vw = 1.2 m/min). This can be 
traced back to the fact that the cracks at single and at triple weld seams preferably initiate at 
one (of the three) welds. Therefore, the weld seams are characterised by the weld width and 
penetration depth and their ratio. Due to a higher width-to-depth ratio of 1.1 (TS 1C) and 1.2 
(TS 3C), these test series showed an increased fatigue strength in comparison to test series 
with ww/dp = 0.5 (TS 1B) and ww/dp = 0.8 (TS 3B).  

An approximately linear relationship between the averaged width-to-depth ratio and the force 
amplitude at cycles to failure of Nf = 2·106 can be assumed for fatigue results of lap joints 
with single and triple weld seams, Fig. 11 (b). An optimisation of the local weld geometry 
with reference to fatigue properties is conceivable using the width-to-depth ratio. 

This finding cannot be transferred directly to the adapter specimens with six weld seams, 
which show an increase in fatigue strength by a factor of 1.5 to 1.7 compared to lap joints 
with a high width-to-depth ratio, but themselves are characterised, on the contrary, by 
ww/dp = 0.7. The reason for this observation can be found in the symmetric structure of the 
adapter, which minimises bending moments of a secondary order. Furthermore, a potential to 
increase the fatigue strength by optimisation of the weld geometry (high width-to-depth ratio, 
minimisation of the crack length) of lap joints is derived. 

 

   

 

Fig. 11 - Comparison of the fatigue test results of lap joints with a single and a triple weld seam as well as 
adapter specimens with six weld seams 
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The evaluation of the influence of weld geometry on quasi-static and cyclic strength confirms 
the need of a welding process with a precisely adjustable weld shape. For this reason, a laser 
welding head with an integrated control of the penetration depth will be developed in order to 
not only realise welding at the bench scale, but also in the industrial field. The optimisation of 
the welding process parameters is a promising route to strength improvement, under quasi-
static as well as cyclic loading. Questions to be answered concern the distribution of stresses 
at each of the weld seams in joints with multiple welds and the opportunity to improve the 
load distribution. Steel-aluminium joints should finally be assessed under consideration of 
ship design recommendations, i.e. guidelines of the DNV-GL, to translate from a load-
dependent system to a local fatigue assessment. In this context, the numerical modelling of 
investigated specimens using the finite element method and the application of the reference 
radius concept are planned. Additionally, constant and variable amplitude loading that 
consider environmental impact, such as sea water corrosion, on the fatigue strength of steel-
aluminium joints will be investigated. 
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ABSTRACT 

Local strain-based fatigue design approaches usually relate fatigue phenomena to an 
infinitesimal small material volume, although the material parameters used to describe the 
stress-strain relation according to Ramberg and Osgood and the strain-life curve according to 
Basquin, Manson, Coffin and Morrow are commonly derived from tests with macroscopic 
measurements of the stress-strain state. This results in limitations of the transferability of 
material parameters to different geometries. As previous research indicates, a consideration of 
size effects may capture the influence of component geometry and load conditions on the 
fatigue life of components, accounting for the actual local stress-strain state as well as 
statistical effects. In this respect, the transient material behaviour can be of particular interest 
regarding the accurate evaluation of the local stress-strain state. The quality of the fatigue 
assessment depends mainly on the consistency of the comparison between the experimental 
and numerical assessed stress-strain state, which is related to the selected stress-strain 
behaviour. 

Keywords: fatigue assessment, size effects, stress-strain behaviour, numerical simulation. 

 

INTRODUCTION 

The transient material behaviour includes cyclic hardening or softening and, depending on the 
load ratio and the boundary conditions of the cyclic deformation, also cyclic ratchetting and 
mean stress relaxation. In order to facilitate the experimental analysis of the material 
behaviour and the numerical fatigue assessment, a stabilization of the cyclic stress-strain 
behaviour is often assumed. Since the microstructure as well as the macroscopic material 
properties of most engineering materials change continuously during cyclic loading, this may 
result in a miscalculation of the actual stress-strain state, although the necessary data for a 
more detailed description of the material behaviour can be derived without additional effort 
from the fatigue test results. For this purpose, an interpretation of the stress-strain and the 
strain-life behaviour as continuously compatible entities is required. In order to avoid 
complicated mathematical formulations and extensive numerical modeling effort, a simple 
discretization of the stress-strain behaviour over the number of deformation cycles may be 
employed. 

The cyclic stress-strain behaviour depends on the slip-character of the material and the load-
time history. Two configurations of the slip-behaviour can be differentiated. Materials with 
planar slip character show only a very small tendency towards cross slip. The two 
dimensional dislocation structures, which are generated during the cyclic deformation, have a 
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relatively low cyclic stability. The stress-strain behaviour in this case depends on the load 
magnitude only. For materials with wavy slip character, planar slip predominates during 
cyclic deformation with low amplitudes. The dislocations form two dimensional, but 
cyclically stable structures, which are referred to as persistent slip bands. With increasing 
load magnitude, three dimensional cell like structures are generated. The cyclic stability of 
the dislocation structures within materials with wavy slip character causes a dependency of 
the stress-strain behaviour on the load magnitude and especially on the load-sequence. As a 
result, the stress-strain behaviour under variable amplitude loading will differ from the stress-
strain behaviour under constant amplitude loading, even if transient effects are neglected. A 
comparison between the cyclic stress-strain behaviour, being derived by strain-controlled 
testing with constant and incrementally stepped amplitudes allows a qualitative classification 
of the slip-character. 

Taking into account the slip character as well as possible transient effect requires a definition 
of a cycle dependent stress-strain behaviour, in order to be able to assess the stress-strain state 
correctly. Considering the transfer of the stress-strain behaviour to inhomogeneously 
distributed stress-strain states due to notches or bending or torsional loading, it is obvious, 
that the stress-strain behaviour differs locally with respect to the load magnitude. 
Furthermore, the differences in the local stress-strain behaviour will also affect the boundary 
conditions of the local cyclic deformation, at least for materials which exhibit cyclic 
hardening or softening.  

In addition to the challenging task of the accurate assessment of the cyclic stress-strain state, 
also size effects have to be taken into consideration. Due to the load definition within local 
elasto-plastic strain-based fatigue design approaches, the size effects differ substantially from 
the size effects, which can be defined for linear-elastic load based fatigue design approaches. 

By analysis of the size effects within the linear-elastic nominal stress-approach, three types of 
size effects, a microstructural, mechanical and a statistical size effect, may be defined for 
strain-based fatigue design approaches with elasto-plastic material behaviour. Resulting from 
the manufacturing process, the material behaviour may be inhomogeneously distributed 
throughout the component, as for example within forged or selective laser melted materials. 
The microstructural size effect, which results from this inhomogeneity can be implemented, 
defining a location and orientation dependent material behaviour. The mechanical size effects 
may be divided into two subtypes. The first mechanical size effect is related to the notch 
support due to plasticity at the notch root. The second mechanical size effect refers to the 
material, geometry and load-sequence dependency of the local stress or strain ratio. As a 
consequence, the local stress-strain ratio may differ from the load ratio of the external 
loading. Finite element simulation with an accurate description of the location, orientation 
and cycle dependent material behaviour are an appropriate measure for the implementation of 
the mechanical size effects.  The assumption of a statistical size effect is also valid for strain-
based fatigue design concepts. Correlating the fatigue strength to the extension of highly 
loaded regions, the weakest link approach according to Weibull may be used on basis of the 
stress integral over the highly loaded area of the component.   

The results of numerical and experimental investigations show, that the stress-strain state as 
well as the corresponding fatigue life is strongly affected by transient effects. In combination 
with an improved evaluation of the stress-strain state, the implementation of size effects may 
enhance the accuracy of fatigue life assessment for constant and variable amplitude loading. 
The application of simple models on basis of a discretization of the cyclic stress-strain 
behaviour is sufficient in order to improve the accuracy of the stress-strain state. 
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RESULTS AND CONCLUSIONS 

The results from the tensile tests are shown in Fig. 1. The load-displacement curve has two 
different regions. The first region is nonlinear and evolves to an approximately linear region. 
Table 1 shows the results for the stiffness parameters EI and EII. 

The most significant difference of tensile stiffness behaviour appears between Aris™ and 
TVTO™ on the EI (p=0.001) and EII (p=0.0003) regions. 

 

Table 1 - Uniaxial tension test results 

Tapes EI [(N/m)x1000] StD EII [(N/m)x1000] StD 

Aris™ 2.3898 0.2154 5.3705 0.5432 

TVTO™ 0.9428 0.1919 1.3083 0.2075 

Uretex™ 1.1367 0.1918 3.2231 0.1853 

Avaulta™ 1.7986 0.1925 3.7810 0.7626 

Auto Suture™ 1.0507 0.0766 2.2624 0.2658 

 

 
Fig. 1 - Tensile test results 

 

This study shows that there are substantial differences on the mechanical properties of 
different urogynecology meshes. Further tests should be performed in order to analyze other 
mechanical properties, such as flexural properties. 
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ABSTRACT 

During the design of thick-walled components made of nodular cast iron the local fatigue 
strength of the materials used needs to be known properly. This includes stress and strain 
based fatigue information for the evaluation of the local material behaviour in notches as well 
as the assessment of local imperfections in the material. In the latter case measures of non-
destructive testing (NDT) are used to evaluate the size, the position and the density of the 
imperfections during the quality management process. In the following this information needs 
to be transferred into a fatigue assessment concept to assure the components safety.  

Keywords: fatigue strength, nodular cast iron, shrinkages, thick-walled. 

 

INTRODUCTION 

For the design of thick-walled nodular cast iron components the fatigue assessment especially 
in the context of local imperfections in the material is a challenging task. Not only the cyclic 
material behaviour of the sound baseline material but also the cyclic behaviour of materials 
with imperfections like shrinkages, dross and chunky graphite needs to be considered during 
the design process of cast iron components. In addition to that, new materials like solid 
solutions strengthened alloys offer new possibilities in lightweight design but need to be 
assessed concerning their fatigue strength and elastic-plastic material behaviour. If a safe and 
reproducible fatigue assessment for any component cannot be performed and a secure usage is 
therefore not given, the cast components are mostly rejected, what leads to a loss of additional 
material, energy and money for recasting the components.  

In this context three nodular cast iron materials are compared concerning their cyclic material 
and fatigue behaviour as well as their potential for a lightweight design based on stress and 
strain controlled tests. To develop an optimal and individual fatigue design method for cast 
components with local material imperfections present, the component’s local fatigue strength 
needs to be combined with information from non-destructive testing (NDT), since a removal 
of specimens is mostly not possible. For this purpose a method is described, that uses 
information of ultrasonic and X-ray analysis as well as the given fatigue strength of the 
baseline material to conduct a fatigue assessment of local shrinkages in nodular cast iron. The 
method is based on the local density measured by NDT and its correlation to the fatigue notch 
factor of the shrinkages. 

 

RESULTS AND CONCLUSIONS 

During the work specimens of EN-GJS-400-18U-LT, EN GJS-450-18 and EN-GJS-700-2 are 
taken from thick-walled cast block containing large shrinkages. By a position and density ρ 
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measurement of the shrinkages inside the cast blocks by the ultrasonic technique Sampling 
Phased Array, a clear distinction between volumes with and without shrinkages can be 
conducted for the specimen removal from the cast blocks. For the characterization of the 
cyclic behaviour of the sound material, cyclic stress-strain curves, strain- and stress-life 
curves as well as mean-stress sensitivities were determined for stress ratios Rσ = -1, Rσ = 0 
and a strain ratio of Rɛ = -1. For all three materials a cyclic hardening effect can be shown by 
the strain-controlled tests indicating a certain lightweight potential by using nodular cast iron. 
Based on the results of the stress controlled fatigue tests EN-GJS-700-2 shows the highest 
fatigue strength, followed by the solid solution strengthened EN-GJS-450-18 and 
EN-GJS-400-18U-LT. All materials show mean-stress sensitivities between 0.37 ≤ M ≤ 0.55 
and thus much higher values than suggested by design standards as e.g. the FKM guideline.  

To determine the fatigue strength of the shrinkages, fatigue specimens with a test diameter of 
d = 15 mm are removed from these volumes. For a non-destructive characterization of the 
shrinkages, an extensometer is mounted on the specimen’s test volume to determine the so 
called virtual Young’s modulus Ef meaning the stiffness of the shrinkages. Afterwards each 
specimen with shrinkages is cyclically tested under fully reversed loading, Rσ = -1.  

It is shown that a linear correlation exists between the density ρ measured in the fatigue 
critical material volume of the specimens and the virtual Young’s modulus Ef determined for 
each fatigue specimen. Thus, a connection between the density ρ obtained by NDT and a 
mechanical value Ef is given. Furthermore, a second linear correlation between the fatigue 
notch factor of the shrinkages Kfs and Ef is determined. Based on that, for Rσ = -1, a 
transformation of the nominal stress amplitudes of the fatigue specimens with shrinkages by a 
reference stress-life curve for the sound material and the virtual Young’s modulus Ef is 
developed, enabling an estimation of the fatigue strength of the fatigue specimens with 
shrinkages. For this purpose a fatigue strength related to a required fatigue life is determined 
from the reference stress-life curve. Depending on the shrinkage related fatigue notch factor 
Kfs and an additional safety factor SSh this fatigue strength is reduced.  

For an evaluation of the component’s fatigue strength it is now possible to determine a local 
value for Ef by evaluating the local density ρ by means of e.g. ultrasonic technique Sampling 
Phased Array. From the local density ρ a local fatigue notch factor Kfs is determined. The 
main advantage of the new, local method is the manageable effort for implementation. Only a 
reference stress-life curve for the sound material condition needs to be on hand, while an 
investigation of the cast component’s critical parts needs to be done with the ultrasonic 
technique Sampling Phased Array to determine the local density. The new method shows a 
connection between local stress and local fatigue strength. 
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ABSTRACT 

In the paper the analysis of vessels with internal cracks, with the flat endplates with circular 
non-circular stress relief grooves is performed. The analysis is made for different cracks sizes 
and locations. Special attention is paid for cracks located in the vicinities of the weld joining 
the endplate and the vessel tube, and in the groove area (stress concentration). The study is 
made both for ductile and brittle materials.  

Keywords: fracture mechanics, pressure vessels, stress concentration, FEM analysis. 

 

INTRODUCTION 

The failure resistance analysis of the pressure vessels with flat endplates with circular and 
non-circular stress relieve grooves, and with internal cracks are studied in the paper. The 
study concentrates on influence of such parameters as: the geometry of the groove in flat 
endplate, the crack length and its orientation, type of the material used on fracture resistance 
to failure.  

Flat endplates are used both in circular vessels and in boilers with non-circular cross section 
(Standard, EN 12952-3, Standard, EN 13445-3). The set of conditions, stated in codes, 
providing the choice of the stress relief groove parameters - minimum thickness eh in the 
groove area and the radius of the groove rik is given in the form of inequalities, which results 
in certain admissible ranges for rik and eh. These can be illustrated in rik and eh coordinates by 
the polygonal area. The optimal choice of the groove parameters and experimental 
confirmation of numerical results was described in earlier papers (Szybiński, Romanowicz, 
2012 and Szybiński, Wróblewski 2012). 

The obtained results show the risk of possible premature failure of boilers with cracks. 
Particularly strong influence of the material properties, brittle or ductile, on the failure 
resistance is observed.  
 
RESULTS AND CONCLUSIONS 

The numerical analyses were performed for two different failure mechanisms - brittle and 
ductile fracture. Determination of the critical length of the crack was made using the strain 
energy release rate G. Such parameter was calculated using the Virtual Crack Closure 
Technique (ANSYS, 2009, Surjya 2015). The critical values of strain energy release rate for 
the investigated materials are given in the Table 1. It can be observed that the brittle material 
(S235JR steel) have much smaller energy absorption than ductile material (namely 
16Mo3steel). Moreover, the welding process changes the micro-structure of the material. In 
the heat affected zone (HAZ) grain size and hardness are generally increased but the fracture 
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toughness significantly goes down (Dzioba, 2016). Such changes depend on the different 
parameters of the welding process and chemical compositions of the welded materials. 
Because of this the appearance of the crack in the surroundings of the weld joints can be 
essential for the failure endurance of the considered vessel. It should be also noted that the 
presence of cracks is not taken into account in standard boilers calculations, which generally 
assume the uniform and free from faults structure. 

Table 1 - Critical strain energy release rate for investigated materials after laser welding 

Material S235JR 16Mo3 (base 
material) 

16Mo3 (weld 
material) 

16Mo3 (HAZ, 
recrystallized) 

16Mo3 (HAZ, 
fine grained) 

 

GIC[N/mm] 3.1 423 173 341 231  
 

 
(a) 

 
(b) 

Fig. 1 - (a) Stress relief groove, size and locations of cracks, (b) strain energy release rates 
G for different location of cracks, crack length 4.216 mm, optimal groove (16Mo3 steel) 

The numerical calculations were made for different location of cracks for optimal (Fig. 1) and 
non-optimal geometry of the circular and non-circular stress relief groove. Here, the center of 
the weld joint is located on y = 0 position. Fig. 1b presents the G values calculated for the 
optimal configuration of the stress relief groove when ductile material is used for boiler 
fabrication, for different crack positions. Here the crack length was assumed to be equal to 
21% of the pipe thickness. The maximal failure mode I occurs in the stress relieve groove 
area, close to the point, in which the maximal equivalent stress occurs. 
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ABSTRACT 

In this contribution, the impact of corrosion fatigue was investigated on notched and 
unnotched specimens of chromium stainless steel 1.4016 (X6Cr17), in air and E85 biofuel 
(gasoline fuel with 85% ethanol added), and of quenched and tempered steel 1.7228 
(50CrMo4), in air and B20 biodiesel (biodiesel with 20% soy methyl ester added). The results 
were obtained at a stress ratio of R = 0 using different testing rigs to investigate the influence 
of test frequencies (f = 20, 150, 300/500 Hz). 

Keywords: corrosion fatigue, biofuel, 1.4016, 1.7228  

 

INTRODUCTION 

Engine components, such as injection systems, encounter a large number of load cycles 
(N>107) during their lifetime and are exposed to potentially corrosive media such as blended 
fuels. Currently, the automotive companies reach their durability specifications for engine 
components by using stainless steels with lower strength but high corrosion resistance, 
specifically oversizing components, because there is not yet much known about the very high 
cycle corrosion fatigue behaviour of high-strength steels in biofuels. Indeed, investigations 
show that biofuels significantly reduce the number of load cycles to failure of engine 
components (Schmidt, 2013). Due to the higher amount of biogenic components, the 
hygroscopic properties of biofuels have increased, causing an input of different kinds of 
corrosive substances, e.g. chlorides that are dissolved in water. Therefore, it is essential to 
investigate the corrosive impact of fuels with biogenic components by performing corrosion 
fatigue tests. 

To examine the corrosive impact and to obtain results that can be transferred to real engine 
components, four different geometries (unnotched, notched) were investigated. All samples 
were machined from round semi-finished bars.  

 

SPECIMENS, MATERIALS, MEDIA AND TESTING 

Materials and specimens 

The materials examined in this work were a chromium stainless steel 1.4016 (X6Cr17) and a 
quenched and tempered steel 1.7228 (50CrMo4). Both steels are used for engine components 
such as injection valves and high pressure pumps that are exposed to biogenic gasoline fuels. 
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These materials were received as wrought semi-finished round bars with a diameter of 19 mm 
(1.4016) or 28 mm (1.7228). The chemical compositions of the materials were determined by 
spectral analysis and are shown in Table 1. The mechanical properties are shown in Table 2. 
 

Table 1 - Chemical composition of tested materials in weight% 

Material C Si Mn P S Cr Mo Ni 
1.4016 0.069 0.525 0.477 0.031 <0.010 16.450 0.061 0.211 
1.7228 0.493 0.259 0.691 <0.010 0.011 1.010 0.185 0.026 

 

Table 2 - Mechanical properties of tested materials 

Material 
Yield strength 

Rp0.2 [MPa] 

Tensile 
strength Rm 

[MPa] 

Young’s  
modulus 
E [GPa] 

Elongation at 
fracture A [%] 

Hardness [HV 
10] 

1.4016 730 830 198 16 246/356 
1.7228 1000 1090 208 14 364 

 
Fig. 1 shows the microstructures in the cross-section of the delivered round bars of the 
investigated materials. On the left hand side, the ferritic-perlitic microstructure of the 1.4016 
steel with chromium carbide segregations along the grain boundaries is shown. Despite fast 
cooling rates, ferritic-chromium steels tend to exhibit chromium carbides. This will result in a 
potential susceptibility to intergranular corrosion. On the right hand side, the martensitic 
microstructure of the 1.7228 steel with martensitic needles is shown. In the core material, 
segregation can been seen, which results in a slightly inhomogeneous matrix.  

 

  
Fig. 1 - Microstructures of 1.4016 steel (left) and 1.7228 steel (right) 

 
To examine the corrosive impact and to obtain results that can be transferred to engine 
components, four different geometries were investigated. All samples were turned from round 
semi-finished bars as mentioned above. Both of the unnotched geometry with a theoretical 
stress concentration factor of Kt ≈ 1 are shown in Fig. 2. The specimens with a diameter of Ø4 
mm were tested at the servo hydraulic test rig and the resonance actuator; those with a smaller 
diameter of Ø3 mm were tested with a piezoelectric actuator. The notched specimens have a 
circular notch with a radius of 1 mm for the Ø6 mm specimens and 0.6 mm for the Ø3.5 mm 
specimens, resulting in a stress concentration factor of Kt ≈ 2, and these specimens are shown 
in Fig. 3. Due to the smaller nominal load capacity of the piezoelectric actuator, smaller 
specimen diameters (Ø3 and Ø3.5 mm) were chosen for these tests. Stress concentration 
factors were calculated by the linear-elastic finite element method and compared to 
analytically calculated stress concentration factors using the Neuber (Neuber, 1958) and 
Rainer approaches (Rainer, 1978). 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
 
 

-469- 

 

  
Fig. 2 - Geometries of the unnotched specimens, theoretical stress concentration factor Kt ≈ 1 

 
 

 
 

Fig. 3 - Geometries of the notched specimens, theoretical stress concentration factor Kt  ≈ 2, normalised stress 
gradient  χ* = 1.86 mm-1 for Ø6 mm and  χ* = 3.00 mm-1 for Ø3.5 mm 

 
After the manufacturing process, the surface roughnesses and the diameters of all specimen 
geometries were measured randomly on 10 specimens of each type. The roughness Rz was 
less than 3.0 µm and the dimensions of the diameter were within the tolerance of ± 0.01 mm 
respectively. Due to the turning process, compressive residual stresses were induced near the 
surface of the specimens. 

The investigated unnotched specimens revealed compressive residual stresses in the axial 
direction of about 400 MPa on average and the notched specimens had a compressive residual 
stress of about 200 - 300 MPa, which decreased with depth from the specimen surface. 
Residual stresses converged to 0 at about 50 µm for unnotched specimens and at about 100 
µm below the surface for the notched specimens.  

  

 

Media 

The investigations in air and biofuel were both performed at ambient room temperature. For 
corrosion fatigue investigations, the specimens were installed in a fuel chamber prior to 
mounting in the testing actuator. Before and after every use of the fuel chamber, it was 
sonically cleaned in ethanol. The fuel chamber was designed in glass and PTFE1 in order for 
there to be no corrosive impact from the material of the chamber, as illustrated in Fig. 4. 

To ensure that tests on unnotched and notched specimens had the same specimen-
surface/fuel-volume ratio, two chamber sizes were adjusted accordingly. The chamber with 
the specimen was completely filled with biofuel with no additional air, to provide defined 
corrosive conditions. During the test, the temperature of the biofuel was monitored at all 
times. The specifications of the chosen biofuels are given in Table 3. 

 

                                                 
1 PTFE: Polytetrafluorethylen, is a synthetic fluorpolymer also called teflon  
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Fig. 4 - Specimen mounted in fuel chamber with temperature monitoring 

 
Table 3 - Specifications of chosen biofuels 

Biofuel 

 Concentrations 

Ethanol 
[Vol.-%] 

Soy 
methyl 
ester 

[Vol.-%] 

Water 
[mg/kg] 

Chloride 
[mg/kg] 

Acetic acid 
[mg/kg] 

Sulfuric 
acid 

[mg/kg] 

Formic 
acid 

[mg/kg] 

E85 85 - 9000 3 20 n/s 2 

B20 - 20 200 - - 11 - 

 
Fatigue testing 

Fatigue tests in air and biofuel were performed with three different types of test rigs in order 
to investigate the influence of testing frequency. Fatigue tests on the servo hydraulic test rig 
were carried out at a frequency f = 20 Hz up to N = 107 load cycles. Resonance actuator 
fatigue testing was performed at about f = 150 Hz up to N = 108 load cycles. Tests at f = 300 
and 500 Hz up to N = 5·108 load cycles were realised using a piezoelectric actuator. All 
investigations were carried out under axial loading in load-control with a sinusoidal-shaped 
load at a stress ratio of R = 0.  

 

RESULTS  

The SN-results of the investigated materials in air and in contact with potentially corrosive 
fuels will be shown in detail in the following. 

 

Fatigue in air 

The SN-results at 20, 150, 300 and 500 Hz load frequencies in air for the 1.4016 steel are 
shown in Fig. 5 and for the 1.7228 steel in Fig. 6in double logarithmic diagrams for the 
unnotched and notched specimens for the nominal stress amplitude σa,n. The nominal stress 
amplitude is plotted against the number of load cycles to failure Nf. The survival probability 
(10% / 50% / 90%) at a specific load level is illustrated in the diagram by three parallel SN-
curves and a scatter band of Tσ. Specimens that did not fail after N = 107 load cycles on the 
servo hydraulic test rig, N = 108 load cycles using the resonance actuator or N = 5·108 load 
cycles using the piezoelectric actuator were indicated as run-outs (arrows pointing to the 
right). Differently coloured symbols were used to indicate the different test rigs. All samples 
showed crack origins at the surface. The slope k in the medium cycle fatigue regime (5·104 < 
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N < 5·105) was evaluated by regression analysis using the test results up to the knee point Nk. 
The slope after the knee point Nk was estimated to be k* = 44.9 with a 5% decrease for the 
1.4016 steel and to be k* = 90 with a 2.5% decrease for the 1.7228 steel of the fatigue 
strength per decade (Sonsino, 2007). The knee point Nk was set to N = 5·105 load cycles for 
the 1.4016 steel and to N = 1·105 load cycles for the 1.7228 steel. Referring to the normalised 
SN-curve proposed by (Haibach, 2006), uniform values of the parameters, knee point Nk, 
scatter band Tσ and slope k* after the knee point were taken as the basis for the SN-curves of 
the unnotched and notched specimens for both materials. The higher scatter band with Tσ = 
1:1.20 of the notched specimens was chosen in order for the generalised SN-curve to be 
conservative, since the results of the unnotched specimens showed a smaller scatter of Tσ = 
1:1.15 for the 1.4016 steel and Tσ = 1:1.10 for the 1.7228 steel, due to the reduced scope of 
testing.  
 
The following lines refer to the cyclic behaviour of the 1.4016 stainless steel. Above N = 
5·105 load cycles, it can be observed that late failures can occur for both specimen geometries. 
There are also mixed mode regions where both failures and run-outs occur. The slope k = 27.3 
of the SN-curve of the unnotched specimens is quiet flat, which is well known for a stress 
ratio of R = 0 and a surface roughness Rz ≤ 3 µm. The slope k = 6 of the SN-curve for notched 
specimens is in accordance with other results for notched specimens of steel. 
 
The material behaviour of the 1.7228 steel is slightly different. Above N = 1·105 load cycles, 
it can be observed that failures up to N = 5·105 load cycles for unnotched specimens and N = 
8·105 load cycles for notched specimens can occur. There are also mixed mode regions, 
simillar to those already seen for the 1.4016 steel. The slope k = 38.2 of the SN-curve of the 
unnotched specimens is more flat than the slope of the unnotched 1.4016 specimens due to the 
higher strength and heat treatment. The slope k = 5.3 of the SN-curve for notched specimens 
is in accordance with other results for notched specimens of quenched and tempered steels. 
 
Table 4 gives an overview of the characteristic values of all SN-curves in the nominal stress 
system, as mentioned above. 

 
Fig. 5 - Test results of the 1.4016 steel with Kt ≈ 1 and Kt ≈ 2 

tested at 20, 150, 300 and 500 Hz in air 
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Fig. 6 - Test results of the 1.7228 steel with Kt ≈ 1 and Kt ≈ 2 

tested at 20, 150, 300 and 500 Hz in air 
 

 

Table 4 - Characteristic values of the SN-curves for both investigated materials in air 

Material Kt k k* Nk 
σa,n,k 

[MPa] 
Tσ f [Hz] 

1.4016 
1 27.3 44.9 5·105 359 1:1.15 

20, 150, 
300 

2 6.0 44.9 5·105 245 1:1.20 
20, 150, 
300, 500 

1.7228 
1 38.2 90.0 1·105 432 1:1.10 20, 150 

2 5.3 90.0 1·105 278 1:1.20 
20,150, 

300, 500 
 
 

Fatigue in E85 biofuel 

In addition to the fatigue tests in air, fatigue tests in biofuel were performed. The SN- results 
of tests at 20, 150, 300 and 500 Hz load frequencies for the 1.4016 steel in E85 biofuel are 
shown for the unnotched specimens in Fig. 7 and for the notched specimens in Fig. 8. As 
outlined in the previous chapter, the nominal stress amplitude was plotted against the number 
of load cycles to fracture Nf in double logarithmic diagrams. 

Referring to (Hickling, 2001), it can be clearly observed from both diagrams that, in the HCF 
regime, the fatigue strength decreased remarkably under simultaneous mechanical loading in 
contact with E85 biofuel. The decrease of the fatigue strength due to E85 biofuel at N = 5·106 
load cycles is approximately 26% at 20 Hz and 4% at 150 Hz test frequency for unnotched 
specimens. For the notched specimens, the decrease is approximately 57% at 20 Hz and 31% 
at 150 and 500 Hz, Fig. 9. In addition, no knee point NK for the SN-curves of the unnotched 
and notched specimens is expected and the slope remains constant (Wendler-Kalsch, 2012; 
Hickling, 2001; Ebara, 2007). 
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Fig. 7 - Test results of the 1.4016 steel with Kt ≈ 1 tested at 20, 150, 300 and 500 Hz in E85 biofuel 

 

 
Fig. 8 - Test results of the 1.4016 steel with Kt ≈ 2 tested at 20, 150, 300 and 500 Hz in E85 biofuel 
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Fig. 9 - Decrease of the fatigue strength due to E85 biofuel. Fatigue strength 

decrease given at N = 5·106 load cycles 

Fig. 10 shows local corrosion spots at the surface of the specimen. As for the test results in 
air, multiple crack origins were found at the surface of all broken specimens, Fig. 11. 

 
Fig. 10 - Slightly visible corrosive attack, e.g. localised corrosion spots on the surface occurred during the 

fatigue tests in contact with E85 biofuel with unnotched specimens 
 

  
Fig. 11 - Fracture surface macro shot of unnotched (left) and notched (right) 

specimens - ellipses shows crack initiation area from surface 
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Closer observation of the fracture surface, by means of scanning electron microscopy (SEM), 
revealed intergranular crack formation at secondary crack sites merging to transgranular 
structures towards the core material, Fig. 12. This supports the assumption that intergranular 
corrosion (IGC) is the key initial factor for sample fracture. The susceptibility to IGC is 
dependent on the state of the material and its heat treatment, creating a shortage of chromium 
near the grain boundaries. In these areas, the chromium content locally drops below 13%, 
resulting in possible corrosion attack excavating partial and complete grains. By applying a 
cyclic mechanical load, persistent slip bands locally damage the passive layer and 
subsequently grain boundaries are being exposed to the corrosive medium. As a consequence, 
a crack is formed (Hickling, 2001).  

 
Fig. 12 - SEM image of secondary cracks with surface intergranular crack 

initiation for unnotched specimen 
 
Fatigue in B20 biodiesel 

The fatigue tests in B20 biodiesel give a totally different picture. A certain reduction of the 
fatigue strength cannot be observed even at a high number of load cycles (N > 5·106), Fig. 13. 
The test results for Kt ≈ 2 specimens are within the scatter band of the fatigue test results in 
air. 

 
Fig. 13 - Test results of 1.7228 steel with  Kt ≈ 1 and Kt ≈ 2 at 20, 150, 300 and 500 Hz 

in B20 biodiesel and air 
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As for the test results in air, crack origins were found at the surface of all broken specimens. 
SEM images of the fracture surface of samples tested in B20 biodiesel appear similar to the 
fractured surface tested in air, revealing transgranular crack formation, Fig. 14. 
 

  
Fig. 14 - Comparison of SEM images of the fractured surface in air (left) and in B20 biodiesel (right) 

 

DISCUSSION 

In the following chapter, the cyclic behaviour of the stainless steel 1.4016 in contact with E85 
biofuel will be discussed in detail.  

The investigations on unotched (Kt ≈ 1) and notched specimens (Kt ≈ 2) exposed to E85 
biofuel show that the fatigue life increases with increasing test frequency up to 150 Hz. Tests 
at 500 Hz test frequency show the same fatigue life as those at 150 Hz. The results are 
influenced by the corrosion fatigue of E85 biofuel and can therefore be related to testing 
technique and test frequency (temperature, strain rate, crack growth rate), notch 
sensitivity and time exposed to the medium. 

Testing technique 

All fatigue tests on the test rigs were conducted under load control. So, even during crack 
propagation, the nominal stress amplitude remains constant (Schneider, 2014). Therefore, an 
influence of the testing technique can be neglected.  

Temperature 

An influence caused by temperature on fatigue lifetime is not assumed, due to the fact that, in 
air, no warming of the specimens at higher stress amplitudes and no warming of the E85 
biofuel during the tests was observed. 

Strain rate 

Tests using the piezoelectric actuator at 500 Hz result in significantly higher strain rates than 
those on the servo hydraulic test rig at 20 Hz, Fig.15. The strain rates at 150 Hz and at 500 Hz 
are 7.5 times and 25 times higher respectively, compared with the strain rates at 20 Hz. 
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Fig. 15 - Comparison of strain rates at different test frequencies and a variety of nominal stress amplitudes 

 
The strain rates shown in Fig. 15 can be calculated by equation (1) 
 

 
(1) 

 
It can be assumed that the influence on the lifetime of the strain rate can be identified 
separately for elastic and plastic strains (Schneider, 2014) by equation (). 
 

 (2) 

 
Although there is a difference of 3.3 times in the strain rate between 150 Hz and 500 Hz, the 
number of cycles to failure is approximately the same. This supports the assumption that the 
increasing number of cycles with increasing frequency is not only driven by the increasing 
strain rate or, at least, only to a critical frequency. Further investigations and especially a 
strain-life-curve in air and biofuel and an elastic-plastic FE-simulation to determine the elastic 
and plastic strain influence are needed to clarify the influence by strain rate according to 
(Schneider, 2014). 
 
Crack growth rate 

The corrosion fatigue crack growth rates could also have an influence on the load cycles to 
fracture at different testing frequencies. The assumption that these rates are higher at low 
frequencies compared to high frequencies (less load cycles to failure at lower testing 
frequencies) is in agreement with previous studies (Adedipe, 2015; Knop, 2010; Dhinakaran, 
2014). (Ishihara, 2006) also shows the influence of test frequency and load level on the type 
of corrosion crack growth and corrosion crack growth rate. The investigation of the influence 
of crack growth rates under corrosion impact was not part of this study, but should be taken 
into account in the future. 
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Notch sensitivity 

In contrast to the fatigue results in air, the SN-results for local stress amplitudes of notched 
specimens show a lower fatigue strength at a higher number of load cycles to failure (Nf > 
1·106) than the unnotched specimens. Therefore, it is important to underline that the notch 
sensitivity in E85 is much higher than in air. Similar notch sensitivity behaviour was shown 
by (De la Cruz, 1998) for a steel in contact with sea water. However, it has to be considered 
that the well-known support effect of notched components (σa,loc.,notched > σa,loc.,unnotched) is lost 
with an increasing number of load cycles under corrosive impact in this 1.4016-85 Biofuel 
pairing. 

 

Time exposed to E85 biofuel 

The SN-results are plotted against the time tf exposed to E85 biofuel until fracture. At 
different test frequencies, an influence of exposed time is observed for all fatigue tests. 
Results, excluding the tests on the notched specimens at a frequency of 500 Hz, are within a 
scatter band of Tσ = 1:1.35, which is typical for corrosion fatigue, Fig. 16. Investigations of 
(Schmid, 2013) have even shown a scatter band with Tσ = 1:1.49 for notched specimens in 
E85 biofuel. It was assumed that there is no additional knee-point. 

 

 

Fig. 16 - Results plotted against the time tf exposed to E85 biofuel 

 

The ratio of the local stress amplitude of notched specimens and unnotched specimens 
obtained at the same testing frequency is denoted by n and can be calculated according to 
equation ().  
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(3) 

 

By calculation of the support factor n, it can be concluded that the different number of load 
cycles to fracture Nf at different testing frequencies is mainly influenced by the time tf the 
specimens are exposed to corrosive media. 

Fig. 17 shows the ratio n plotted against the time tf to fracture exposed to E85 biofuel. The PS 
= 50 % lines are close together and the lines at frequencies of 20 and 150 Hz are even lying 
on each other. By assuming a scatter band Tn = 1:1.35, which was mentioned before, there is 
an overlapping of the scatter bands.  

 

Fig. 17 - Support factor n plotted against the time tf exposed to E85 biofuel 
 
 
 
CONCLUSIONS  

Load controlled SN-curves for stainless steel 1.4016 and quenched and tempered steel 1.7228 
were determined in ambient air and biofuel on unnotched and notched specimens. This study 
has shown that there is a substantial decrease of the endurable stress amplitude dependent on 
the corrosive system consisting of biofuel and the type of steel. 
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The major observations are as follows: 

- In air, E85 and B20 biofuel, all cracks initiated at the specimen surface. 

- No frequency effect in air was observed. 

- The decrease of the fatigue strength at N = 5·106 load cycles due to E85 biofuel is 
approximately between 4-57% depending on the frequency and geometry of the 
specimens 

- In E85 biofuel, the SN-results of notched specimens show less local fatigue strength for 
a higher number of load cycles than the unnotched specimen. 

- In E85, the well-known support effect of notched components (σa,loc.,notched > 
σa,loc.,unnotched) is lost with an increasing number of load cycles under corrosive impact. 

- A certain reduction of fatigue strength cannot even be observerd at a high number of 
load cycles of the quenched and tempered steel 1.7228 in B20 biodiesel 

- SN-results in E85 biofuel show an increasing number of load cycles to fracture Nf with 
increasing test frequency f. 

- Although long-term exposure tests in E85 biofuel were performed without mechanical 
load, showing no corrosion spots at all, the corrosive impact during fatigue tests reduces 
the fatigue strength significantly and this effect was supposed to be due to a 
superimposed intergranular corrosion mechanism. 

- Long-term exposure tests in B20 biodiesel show no corrosion spots at all. 

 

The major conclusions are as follows: 

- Because of the plotting of ratio n against the time to fracture exposed to E85 biofuel, it 
has been determined that corrosion fatigue is mainly caused by the time influence. 

- Additionally, a scatter band Tσ = 1:1.35, which is typical for corrosion fatigue, has been 
defined. 

- Based on the obtained results, knowledge of non-corrosive behaviour of 1.7228 steel in 
contact with B20 biofuel has been obtained. 

 

Further investigations suggested are: 

- By considering only the load cycles until crack initiation, the influence of frequency, 
strain rate and time can be derived more precisely. This can be done by means of 
electrochemical measurements. 

- A more detailed analysis of the crack initiation on the surface will be carried out 
through SEM investigations to obtain information regarding the crack initiation process 
and how it can be prevented or, at least, can be shifted to higher load cycles of fracture 
under corrosive impact. 

- Clarification of the influence of frequency based on corrosion mechanism. 
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- Further tests should be performed in order to analyse other mechanical properties, such 
as strain-life curves, under corrosive impact. 
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ABSTRACT 

A new generation of high performance copper alloys is drawing the attention of electronic 
industry. Electronic devices are increasingly subject to rough service conditions that could not 
be afford by pure copper, which have always been used because of its good electric 
conductivity and its reasonable cost. Nowadays, a good electric conductivity must be 
accompanied by mechanical strength and relaxation resistance, in order to meet electronic 
industry that requires always better performing materials, increasingly subjected to high 
loads, vibrations and high temperatures. 

A precipitation hardened high copper alloy is a material that responses to all these needs. 
Here, the room temperature fatigue behavior of a precipitation hardened high copper alloy is 
examined. Sub-sized and normal-sized specimens are manufactured from two sheets of 
different high copper alloys in four different geometries corresponding to different notch 
factors in order to investigate size effects on the fatigue strength. Load controlled fatigue tests 
have been carried out and the number of cycles to failure is then obtained in order to derive 
the SN-curves of the materials. The maximum likelihood method is used to analyze the data, 
so that also censored data like run-out can be taken into account. Finally, the results are 
discussed and the conclusions drawn. 

Keywords: fatigue, copper, maximum likelihood, size effect. 

 

INTRODUCTION 

Copper alloys have been the subject of recent studies, since through the process of 
precipitation hardening a new generation of copper alloys called precipitation hardened high 
copper alloys (Davis, 2001) is becoming popular especially in electronic industry. These 
materials are still under investigation, especially because of their good mechanical and fatigue 
strength. 

The aim of this work is to investigate the fatigue behaviour of a precipitation hardened high 
copper alloy for small components, like pins, subjected to vibrations, and to evaluate the 
effect of the notch factor. Two different materials are tested, and both are used to produce 
specimens in two different sizes, so that the size effect can be evaluated. Furthermore, the 
data are analysed using the maximum likelihood estimation introduced by Spindel and 
Haibach (Spindel, 1979) and modified by Nelson (Nelson, 2009), but trying to simplify the 
method and make it more clear and practical. The notch and the size effect are then studied.  
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PRECIPITATION HARDENED HIGH COPPER ALLOYS 

Precipitation hardened high copper alloys are obtained through three different steps: 

1. Annealing procedure at temperature below the solubility limit 

2. Cold deformation 

3. Age annealing procedure 

The low content of alloys element ensures that the electrical conductivity does not decrease 
due to the distortion of the lattice, hence the name of high copper alloy. Cold deformation 
after the solution annealing (but previous to the age annealing) supports the formation of 
small-sized and homogeneously distributed precipitations. What it is obtained as result of this 
procedure is a material with: 

- Good electric conductivity: because as the atoms leave the lattice, the lattice distortion 
in undone and the electric conductivity increases 

- High strength: due to the effect of precipitates  

- Relaxation resistance: guaranteed by precipitation hardened alloys that don’t dissolve 
at elevated service temperatures 

In Table 1 are summarized the main service conditions to which this devices are subject and 
the consequently required characteristics. 

Table 1 - Service conditions 

Subject to Property required 

Impacts High strength/ductility 

Vibrations High fatigue strength 

High temperature Relaxation resistance 

Dirt Corrosion protection 

 
Many factors like loading conditions, geometry, environment, manufacturing process and 
material can affect the fatigue life of a specimen. Here, the attention is drawn to the effect of 
the geometry and the material on fatigue strength, but keeping in mind that is very difficult to 
face a complex phenomenon as the fatigue failure, without considering all the other variables. 
First of all, the loading is set to uniaxial. Different geometries are tested, in order to analyse 
the effect of the stress concentration factor Kt on fatigue life. Then, the fatigue notch factor 
Kf, related on the type of material and notch size is investigated. To account for these 
additional effects, a notch sensitivity factor q is introduced.   

 

STATISTICAL MODELS FOR DATA ANALYSIS 

During the experimental campaign, several specimens are subject to force-controlled fatigue 
testing under uniaxial loading. The resulting data include informations about the stress level 
of testing and the number of cycles to which the failure occurred. These results are plotted in 
a diagram in which the nominal stress amplitude σa,n is a function of the number of cycles to 
failure Nf, using a log-log scale. The analysis of the results leads to the SN-curves, which in a 
double logarithmic scale consist in a band scattered around a mean with bilinear trend.  



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
 
 

-485- 

 
If all the failures occur at one point of the test, and it is known exactly at what number of 
cycles this happened, we are faced at complete data, and the SN-curve can be determined 
easily using the Ordinary Least Square Method (OLSM). The limit of the OLSM is that it can 
only be applied to that data, which is known exactly where they are placed, therefore to 
complete data. But, how to deal with censored data? In this section is faced the problem of 
how to include censored data in drawing SN-curves. First of all, a brief introduction to 
statistical models used in durability analysis is given, then it is explained what censored data 
mean, and at the end the Maximum Likelihood Method (MLM) to treat them is introduced. 

As the phenomenon of fatigue failure is the result of tests influenced by several variables like 
different test specimens and testing conditions, data result distinct and invariably scattered. 
For this reason, a statistical approach is needful.  

The models described here are based on the work of W.B. Nelson (Nelson, 2009). A 
statistical model for an accelerated life test consists in a life distribution, which represents the 
scatter around the predicted life, and a correlation between life and stress. Usually, the mean 
(and sometimes also the standard deviation) of the life distribution is expressed as a function 
of the stress. The most common models of distribution for fatigue data analysis are the 
lognormal distribution and the Weibull distribution. Here, the lognormal distribution for data 
analysis is chosen, since the results are plotted in a bi-logarithmic scale.  

 

Lognormal distribution 

The lognormal distribution is related to the Normal (or Gaussian) distribution, and this fact is 
used to analyse lognormal data with methods for normal data. In this regard, it is defined the 
lognormal cumulative distribution function (cdf), as the population fraction failing by age t    

 ���� = Φ=�log��� −  ¡/]>																							� > 0 

 

Where µ is the mean of the log life, σ is the standard deviation of the log life and Φ is the 
standard normal cumulative distribution function (cdf) and is tabulated. 

The lognormal probability density is given by  

 

���� = £��2¤�;&�]�ln�10� ¥ ¦§¨ G−�log��� −  ¡&�2]&� H 																		� > 0 

  

Censored data 

While complete data consist in the exact life (failure age) of each sample unit, censored data 
do not give the same information and they have to be processed with different methods. They 
can be classified in right censored, left censored and intervals. In this context, only the data 
included in the first group are analysed. Right censored data represent units that are unfailed, 
and their failure times are known only to be beyond their present running times. In old 
literature they are also called truncated, and the corresponding units are called run-outs (but 
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also survivors, removals and suspensions). They represent units that are for example removed 
from test before they fail, still running at the time of the data analysis, or removed from the 
test because they failed from extraneous cause (such as test equipment failure). Furthermore, 
the only case of singly right censored data, which means that all unfailed units have a 
common running time, is considered. In Figure 1 are represented the different types of data 
further described. With the solid line are represented the times measured, with the cross the 
moment in which the failure occurs, and with the arrow are indicated the times (measured) in 
which the measure is interrupt without failure. 

a)                   b)  

Fig. 1 - Example of complete (a) and singly censored (b) data 

 

The Maximum Likelihood Estimation (MLE) 

The maximum likelihood method, consists in maximize the likelihood equation, which is just 
the product of all the individual likelihoods (probabilities). In our case of fatigue testing, the 
likelihood equation is not but the join probability of the n specimens tested to fail, and is 
given by 

L=L1 L2 L3… Ln 

 

where Li (i = 1..n) are the likelihood functions of the specimens that have been tested. For 
practical purposes it is helpful to take the log of the likelihood equation because it turns all 
those products into sums (of logarithms), so that 

 

L = ln(L) =L1+ L2+L3
 
+…+ Ln 

  

Suppose specimen i has an observed value yi (complete data) of the dependent variable, then 
its likelihood is: 

Li = f(yi, θ1i,…, θQi)  

 

where f(…) is the probability density of the assumed distribution, and θ1i,…, θQi  are the 
specimen’s parameter values. So Li is the probability of an observed failure at yi. If the 
specimen i has the dependent variable censored on the right, that means that its value is above 
yi, its likelihood is: 
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Li = 1 - F(yi, θ1i,…, θQi) 

 

In this case, Li is the probability that the specimen’s life is above yi.  

A model fitted to data consists of a statistical distribution for the dependent variable (in this 
case the life of the specimen) and correlation for the distribution parameters. This correlation 
indicates the distribution parameters as functions of the independent variables and unknown 
model coefficients. As already mentioned, a statistical distribution is described by parameters 
that are different based on the distribution that will be chosen (in case of the lognormal 
distribution µ and σ), that are function of other parameters that represent the variables of the 
problem (S and N).  

Herein just the high cycle fatigue (HCF) area of the SN-curves diagram will be analyzed, in a 
range of 104 to 107 cycles, where the curve present a bilinear trend and the intersection of the 
two lines is identified as the knee point of the curve. As already mentioned, when plotted in 
log-log scale, each part of a SN-curve can be approximated by a straight line that is described 
by:  

log(N1)=log(N2)+b(log(S1 )-log(S2)) 

 

Where the parameter b represents the slope of a line through two points in a log-log scale. 

Herein, the lognormal distribution will be applied to data, in order to maximize the likelihood 
function. But, first of all, is important to understand what the maximum likelihood function 
represents. 

If the SN data are plot with a best-fit line through it, a (i.e. normal) distribution of lives 
scattered about the line, for example at a constant stress, can be identified. The likelihood is 
the ordinate of the probability distribution, which is centred at the model value, so it is the 
height of the probability distribution at that value of N. In Figure 2 it is represented the 
analysis of a set of data including a run-out. Obviously, if the line is nowhere near the data, 
the normal distribution won’t be centered appropriately, and the ordinates evaluated at the N 
values will be low. The target is a curve located through the data so that its likelihood is 
maximized. Before going ahead with the maximum likelihood estimation is needed to decide 
if the model to apply treats the scattering around the mean value as constant or varying. It is 
known that the scatter is not constant along the entire curve, but increases by increasing of the 
number of cycles to failure. Summing up the concepts so far introduced, can be stated that the 
mean µ, plotted in a log-log scale diagram, should be linear, so in general:  

µ = C1+ C2x   

While the scattering can be considered varying or constant: 

σ = exp(D1),    if σ is constant 

or 

σ = exp(D1+D2x),   if σ is varying 
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Fig. 2 - Maximum likelihood estimation of SN-curves using the lognormal distribution  

 
So, if a general referral point of coordinates N*, S* (Goglio, 2001) is fixed, and S* is chosen 
as the geometric mean of the values of all the data, introducing the variable coefficients Ci the 
mean can be write as    

µ = log(N) = C1+ C2(log(S)-log(S*)) 
where: 

- C1 = log(N*): is the number of cycles to failure of a specimen undergoing a stress equal 
to S* (which is known) 

- C2: is the slope of the line representing the mean 

So, for complete data it is ©� = −12 lng2¤]�2h+ ln�log�¦�¡− 12ª� − ln	�^�� 
 And for run-out data «¬ = ®	�¯ −°�±¬�¡ 
Where z = [log(N) - µ]/ σ. 

A program that maximizes the likelihood function has been written with the software 
MATLAB®. The sum of the likelihood functions of every data (including run-out) is written, 
and its sign is changed in minus, so the value of the parameters C1 C2 D1 and D2 that 
maximize the total likelihood can be found. 

By considering a constant scatter, and a fixed value of the number of cycles at the knee point, 
the number of unknown variables is reduced from four to three, since D2 is supposed to be 
zero. Then, x = [C1 C2 D1]

T is the output vector of the parameters that maximize the 
Likelihood function, and that describe the equation of the mean and of the standard deviation 
of the Wöhler curve represented in log-log scale. The vector [x0] = [C01 C02 D01]

T includes the 
starting values of C1,C2 and D1 for the iteration. 

The value of C01 and C02 are set basing on the OLS solution (not including the runouts), while 
D01 is zero. 
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 Fig. 3 - Example of likelihood function L for different values of C1 and C2 and σ=-0.42 

 
The results are the values of C1, C2 and D1 that maximize the likelihood function L, and the 
value of the likelihood function in that point (Figure 3). For example, the probability density 
function corresponding to a value of the mean of Nf = 105 and the cumulative distribution 
function at Nf=107 (run-out) for the data of Figure 2 are represented in Figure 4. The 
sensibility of the solution to the initial conditions increases with the increasing of the number 
of variables used to describe the likelihood function. For example, for a non-constant scatter, 
the variables become four, and if the number of cycles at the knee point is also unknown, they 
are five. 

 
(a)                                                                                  (b) 

Fig. 4 – (a) Probability density function at 105 cycles and (b) cumulative distribution 
function at 107 cycles (run-out) for data of Figure 2 

Thanks to the intuitiveness of the method, the starting value of the variables can be limited to 
intervals, and for each combination of them, the maximum likelihood function is evaluated. If 
the method is correct the curves calculated for the complete data using the MLE and the OLS 
must overlap. Including the run out in the analysis through the maximum likelihood 
estimation the curves will result always shifted upwards with respect to the ordinary least 
square. 
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EXPERIMENTAL CAMPAIGN 

The specimens are obtained from a sheet of material that is in the form of laminated with a 
thickness of 0.8 mm. The geometries of the specimens are given by the customer with the 
respective notch factors and represented in Figure 5. The geometries are V-notches differing 
both for the angle and for the radius at the notch root. The stress concentration factors have 
been verified using the finite element analysis (FEM) with the elastic model and the material 
properties. The response of the material to mono axial load is simulated using the software 
ABAQUS®. A 3D model has been used since the thickness of the specimens is comparable 
with the radius of the notch. The elements used are brick 20-nodes quadratic. A quarter of 
each geometry is analyzed, exploiting the symmetries. 

The five geometries of the specimens have been prepared with different processes based on 
the geometry. For the specimens with the notch radius r ≥0.4 mm or unnotched the abrasive 
water jet machining (AWJM) has been chosen, because cheaper both in terms of cost of 
energy and labor. For the geometries n° 4 and 5, the wire cut electrical discharged machining 
(EDM) has been chosen, with consequent increase of costs. The surface after the process is 
very rough, especially after the water jet cut, so an additional process of hand-made polishing 
is required, but not possible for the geometry 5, where the notch is too sharp and cannot be 
reached. Now that the dimensions of the specimens are known the equipment can be chosen. 
Because of the small size of the specimens to perform the test has been chosen the PZB500, 
an ultra-precise testing machine based on piezo actuator technology. 

The PZB500 (Figure 6 a)) has been developed by ISYS GmbH, a spin-off of the Fraunhofer 
Institute for Structural Durability and System Reliability LBF in Darmstadt. The clamping 
system consists in two plates fixed mechanically by screws (see Figure 6 b)). The tests have 
been performed in force-controlled. 

 

   
         Kt=1.0                                              Kt=1.3                  Kt=1.7                Kt=2.5            
      

 
Fig. 5 - Geometries tested and relative notch factors 
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(a)                                                                                    (b) 

Fig. 6 - a) PZB500 from ISYS GmbH and b) clamping system 

 
The alignment of the machine has been than verified, mounting four strain-gauges on one 
unnotched specimen and performing a strain analysis. On each specimen tested an anti-
buckling device is installed for the compression phase of the test, since the stress ratio R is set 
to -1 (fully reversed cyclic loading). The tests performed are all force-controlled. That means 
that the stress is imposed and the strain measured, together with the number of cycles, until 
the deformation reaches a level corresponding to a failure and the test is stopped. For each 
specimen the resistant section is measured with a micrometer, than it is multiplied for the 
stress level with respect to which we want to calculate the life to failure, so that the data can 
be plotted on the Wöhler diagram. In the tests performed the specimens are subjected to a 
fully reversed fatigue loading. This means that the material undergoes a cyclic stress of 
amplitude σa around a mean value σm = 0 with a frequency f. 

The machine receives in input the type of load (in this case sinusoidal force), the force of 
amplitude Fa = σa ·Ar, the mean value Fm = 0 and the frequency f = 25 Hz. 

The output consists in the minimum and maximum value of the displacement for each cycle 
and the number of cycles performed. The limits imposed to the process are the extreme values 
of the force (Fmax and Fmin), of the displacement (emax and emin) and the maximum number of 
cycles Nmax. 

If force, displacement, or number of cycles exceeds the limits, the test is stop. 

Firstly, the fatigue strength of a precipitation hardened high copper alloy (here Cu-1) is 
compared to the one of a normal high alloyed copper (Cu-2). 

The tests have been performed on sub-sized specimens for both the material and extracted 
from the same sheet of material in the same direction respectively. The results are plotted in a 
SN diagram in double logarithmic scale, as represented in Figure 7. From Figure 7 it can be 
observed that the most of the data are complete, while just seven of them are run-out. 

The fatigue strength results increase in case of Cu-1, but this effect is less evident as the notch 
factor increases. 
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Fig. 7 - Results of the tests performed on sub-sized specimens 

 
 
The third test series is performed on specimens taken from the same sheet of Cu-1 but with a 
different geometry. They are bigger and the notches have a different shape. They all have a 
notch width of 8 mm and a central width of 14 mm. For Kt=1 the central and the notch width 
coincide and measure 8 mm. The total length is 100 mm, which means double that in case of 
small size specimens. The max width is 23 mm in correspondence of the clamping system, the 
notch angle is 0° (U-shape notch) and in case of Kt=1.7 the notch radius is 3 mm while for 
Kt=3 is 1 mm. 
  

 
 

Figure 8 - Parameters of the geometry for the normal size specimens 

 
 
Sub size specimens with a geometry corresponding to Kt=3 are also produced, in order to 
make a comparison with the larger ones. They are similar of the one with a notch factor of 2.5 
but with a notch angle of 15°, very close to a U-shape. 
The results of the tests are represented in Figure 9. The tests have been performed in the same 
conditions as on the small specimens, but with a frequency of f = 60 Hz. 
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Fig. 9 - Results of the tests performed on sub-sized and normal size specimens 

 

SN-CURVES 

Using the MLE, the data obtained with the experimental campaign have been analyzed. 

The slope after the knee point is set at k0 = 44.9 (5% per decade) based on the 
recommendations of Sonsino (Sonsino, 2007). To compare the results, also the knee point is 
fixed, at the most common value of Nf = 106, even if for some geometries is not properly 
exact. In Figure 10 are represented the SN-curves for Cu-1 and in Figure 11 the ones for Cu-
2. The continuous curves represent the 50% of probability to survive, while the dashed ones 
represent the 10% and the 90% respectively. A parameter b, defined as the ratio between the 
stresses corresponding to the knee point for Cu-1 and Cu-2, is introduced to describe the 
decreasing of the fatigue strength. The fatigue strength results increased in case of the 
precipitation hardened alloy Cu-1, respect to the common alloy Cu-2. Afterwards, this effect 
is investigated introducing the local stress approach. 

 
Fig. 10 - SN-curves for Cu-1 alloy 
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Table 2 - Parameters of the SN curves for Cu-1 using the MLE 

Kt C1 C2 D1 k T 

1 1.73·105 -0.125 -2.42 7.98 1.07 

1.3 2.58·105 -0.104 -1.57 9.57 1.13 

1.7 5.87·105 -0.095 -1.63 10.48 1.11 

2.5 5.13·105 -0.19 -0.43 5.06 1.14 

 

Table 3 - Parameters of the SN curves for Cu-2 and coefficient b= σa(Cu-1)/ σa(Cu-2) 

Kt k T b 

1 11.32 1.14 1.72 

1.3 8.09 1.11 1.56 

1.7 7.08 1.13 1.81 

2.5 4.16 1.24 1.34 

 
 

 
Fig. 11 - SN-curves for Cu-2 alloy 

 
In Figure 12 are represented the SN-curves obtained for the tests performed on the normal and 
sub size specimens of Cu-1. The curves are lower in case of normal size specimens as 
expected in case of Kt=1.7 and Kt=3, while for unnotched specimens the result is anomalous. 
This could be due to the different frequency of testing, and needs further study but will not be 
investigated here. 
 

Table 4 - Parameters of the SN curves for normal size specimens of Cu-1 and coefficient c= σa(small)/ σa(norm) 

Kt k T c 

1 11.5 1.16 0.80 
1.7 6.6 1.15 1.39 
3 5.5 1.13 1.03 
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Fig. 12 - SN-curves for tests performed on small and normal size specimens of Cu-1 alloy 

 

LOCAL STRESS APPROACH 

The local stress approach (Reggiani, 2008) is used to describe the notch effect, and consists in 
comparing the behavior of the material at the maximum stress level, as represented in Figure 
13. According to this assumption, the fatigue strength described by the SN-curves of the 
notched specimens result translated downward by a factor that is called fatigue stress 

concentration factor and that is given by 

w� = ]�,x�w� = 1�]�,x�w� > 1� ≤ w� 
The importance of evaluating Kf, consists in providing an estimation of the other parameters 
like the notch radius or the material strength and it can be found by calculating the ratio 
between the nominal stress at the knee point for the unnotched geometry and the notched one. 
The results for the sub sized specimens of Cu-1 are summarized in Table 5. 
 

 
 

Fig. 13 - small Comparison between two specimens with the same nominal stress, and local stress 
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Table 5 -Kt and Kf for Cu-1 sub size specimens  

Kt Kf 

1 - 

1.3 1.01 

1.7 1.33 

2.5 1.99 

3 2.27 

 
 

The difference between Kt and Kf is due to: 

1. The presence of a stress gradient. In fact the fatigue life depends not to the maximum 
value of the stress, but to an average stress acting over a finite volume of the material 
at the notch root. 

2. The localize plasticity of the material. The localized plastic deformation reduces the 
notch root stress, especially at short lives. In terms of local stress, the fatigue life 
results increased by the presence of a notch, and in particular by a relative stress 
gradient. 

3.  

The presence of a stress gradient 

The effect of the presence of a stress gradient is represented by an upward shift of a factor 
equal to Kt, but at the same time reduced by a factor equal to Kf. It is possible at this point to 
introduce a support factor ηχ=Kt/Kf (Sonsino, 2001) that is the quantity of which the curves 
result upward shift respect to the unnotched one. In Figure 14 are represented the curves in 
the local system, with σloc= Kt· σa,n. In Table 6 are summarized the different microsupport 
factors for all the geometries.  

 

 

Fig. 14 - SN-curves (P=50%) in the local system considering the material elastic 
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Table 6 -Kf and ηχ for Cu-1 sub size specimens  

Kt Kf 

1 - 

1.3 1.01 

1.7 1.33 

2.5 1.99 

3 2.27 

 

It can be stated that in the local system, the curve for Kt = 1.7 and Kt = 2.5 result swapped, 
since the microsupport for the first is greater. 

 

The localized plasticity of the material 

Now, the contribution of the localized plasticity of the material is evaluated. The material has 
been characterized previously, in order to determine the constants K’ and n’, so that the 
equation of Ramberg-Osgood (Ramberg and Osgood, 1943) that describes the nonlinear 
relationship between stress and strain can be used to plot the cyclic stress-strain curve 
(Wagener, 2007) of the material (Figure 15). 

 

 
Fig. 15 - Cyclic s-e% curve for the copper alloy Cu-1  

 

The material properties have been applied to the ABAQUS® models used to determine the 
notch factors, in order to simulate the plastic behavior of the material. In Figure 16 an 
example of mesh used to model the specimen (in this case the geometry corresponding to 
Kt=3) is represented.  
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Fig. 16 - Example of mesh model used to simulate the geometry corresponding to Kt=3  

 

The stress concentration factor Kt* for plastic model is lower than the one calculated in the 
linear elastic hypothesis, because of the local plasticity of the material that occurs near the 
notch. In Figure 17 the main stress along a path from the center of the specimen to the root of 
the notch is represented.  

Plotting Kt* as function of the number of cycles to failure we obtain the results of Figure 18. 
It is interesting to notice that while for Kt,1.3* and Kt,1.7* the curves never meet, for low values 
of Nf (about 106) Kt,2.5* and  Kt,3* coincide. 

 

 

Fig. 17 - Path used to evaluate the main stress. 
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Fig. 18 - Stress concentration factor considering the plastic component as function of the 

number of cycles to failure. 

 

This means that Kt,3* decreases faster with the increasing of the stress applied than the others. 
From the diagram of Figure 13 can be observed that if it was correct, some specimens with   
Kt = 3 could undergo an alternated load of 700 MPa for several thousand cycles. This is not 
possible, since 700 MPa is very close to the breaking stress (800 MPa). Introducing the plastic 
model the results are more truthful (Figure 18), and the higher values of stress do not exceed 
by more than few tens of MPa the yield stress of the material. The SN-curves of figure 19 are 
evaluated by considering the real principal maximal stress resulting from the FEA simulation 
using the elasto-plastic model of figure 14. After the knee point, where the stress level is 
under the yield stress, the curves are almost the same of those calculated with the linear 
elastic model. In the local system, introducing the plastic model, the S-N curves result closer, 
especially in the low-cycle part of the diagram. This result is more realistic than the one 
represented in figure 13. 
 

 
Fig. 19 - SN-curves (P=50%) in the local system considering the elasto-plastic behavior of the material 
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Comparison between nominal and local system 

The curves of the notched specimens in the local system result shifted upwards with respect to 
the nominal system. This phenomenon has been explained evaluating the statistical size effect 
and the gradient effect by several authors, both the approaches are motivated by empirical 
results (Norberg, 2007). 

- A smaller higher stress volume leads to a lower probability to have defects in the 
structure. In terms of fatigue behavior, this means less probability that the crack occur. 

- For higher gradients, locally higher stresses can be supported. The gradient influences 
the highest stressed volume, and also leads to non-propagating cracks. 

For the sake of completeness the highly stressed volume V90% in the local system, considering 
the plasticity, at 106 cycles to failure is evaluated. The highly stressed volume is the material 
subjected to more than the 90% of the stress. In figure 20 the results of this analysis are 
represented.  

 

 

Fig. 20 - Local stress in function of the highly stressed volume 

 

RESULTS AND CONCLUSIONS 

Summarising the fatigue test results of the unnotched specimens, it can be stated that the 
fatigue strength of the precipitation hardened high copper alloy (Cu-1) is increased compared 
to the normal high alloyed copper (Cu-2). The fatigue strength results are also lower in case 
of normal size specimens compared to the results obtained by testing sub size specimens. 
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The influence of the geometrical notch has been investigated by testing four different 
geometries in order to evaluate the stress concentration factor and the notch sensitivity. 
Furthermore the fatigue strength for a given number of cycles has been transformed to the 
local-stress vs. high stressed volume domain. Contrary to the expectance the results has a 
wide scatter band. Introducing the elasto-plastic model instead of the linear elastic one, the 
results achieved show differences in terms of stress concentration factor and fatigue life in the 
local system. The fatigue life for the four geometries in the local system is scattered in a 
rather narrow band, unlike what happens using the linear elastic model for the material. This 
phenomenon is explained evaluating the statistical size effect and the gradient effect by 
several authors, and both the approaches are motivated by empirical results (Norberg, 2007). 
Here, the results are examined using the highly stressed volume in the local system. The 
results are finally collected in a single diagram in which, at a fixed number of cycles to 
failure, the local stress amplitude is represented as function of the highly stressed volume.  
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ABSTRACT 

Forming limit curve is usually utilized to predict failure by necking in conventional sheet 
metal forming. However in specific cases, like single point incremental forming, it was 
observed that fracture precedes necking. This lies outside the scope of conventional forming 
limit curve (FLC) and thus rises the need for the determination of the fracture forming limits. 
This study verifies the application of the methodology to characterize the plastic flow and 
fracture forming limits in sheet metal developed by Silva et al. (2008) and Isik et al. (2014) on 
Copper and Brass. The experimental work consisted in the realization of tensile Nakajima 
bulge and shear tests, in order to obtain the necking and fracture limits for the materials in 
study. 

Keywords: forming limit curve, fracture forming limit, shear, brass, copper. 

 

INTRODUCTION 

The Forming limit diagram (FLD) is used to characterize the formability of sheet metals. This 
diagram depicts the relationship between major and minor strains. Fracture forming curve 
(FLC) in FLD, developed Keller (1968) and later Goodwin (1968), represents the maximum 
principle strains the sheet metal can sustain prior to the onset of localized necking. The 
experimental methods to the determination of the FLC are well established where the circle 
grid analysis and time dependent methods are the most common ones. 

The formability limit by fracture has not been of interest to the sheet metal forming 
community because once a neck appears and spreads sideways under subsequent deformation, 
thinning will progress very fast under decreasing loads or pressures until the sheet cracks. 
Recently, it has been growing the interest to consider the onset of failure by cracking as well 
as by necking because under certain conditions tensile fracture can precede necking in 
traditional sheet metal forming processes (Embury and Duncan 1981) and in Single Point 
Incremental Forming (Silva et al. 2008).  

Recent studies by Silva et al. (2008) and Isik et al. (2014) has showed the importance of the 
determination of the fracture limits, defining the fracture forming limit line (FFL) and shear 
fracture forming line (SFFL), being related with mode I and II of fracture mechanics, 
respectively. Isik et al. (2014) presented a methodology to characterize the fracture limits that 
includes the characterization of necking and fracture of tensile, Nakajima, bulge and shear 
tests in an Aluminium alloy. 
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RESULTS AND CONCLUSIONS 

The sheet materials of this study are oxygen-free 99.5% Copper with 0.8 mm of thickness and 
Brass with 1 mm of thickness. The materials properties were obtained by tensile tests 
following the ASTM standard E8/E8M - 09.  

The FLCs were determined by means of the necking strains of the tensile, Nakajima and 
bulge tests. The FFLs were determined by means of the fracture strains of the tensile, 
Nakajima and bulge tests, and the SFFLs were determined by means of the fracture strains of 
the shear tests. Figure 1a and Figure 1b represent the resulting FLDs including necking and 
fracture limits, i.e. FLC, FFL and SFFL for Copper and Brass sheet metal respectively.  

  
(a)   (b) 

Fig. 1 - Forming limit Diagrams for: (a) Copper and (b) Brass [Necking points are represented by 
open markers and fracture by solid markers] 

This study reveals that the methodology proposed by Isik et al. (2014) can be successfully 
applied to characterize the fracture limits in Copper and Brass. 
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ABSTRACT 

Vibration fatigue tests were carried out on four types of stiffened aluminum plate with 
clamped boundaries under random base excitation. Based on the strain history, the 
accumulation of fatigue damage of the stiffened plates was estimated by means of the 
rainflow cycle counting technique and the Miner linear damage accumulation model in the 
time-domain. Utilizing the change of natural frequencies, a nonlinear model was fitted for 
predicting the fatigue damage of stiffened plate and then the foregone failure criterion of 
reduction in natural frequency is improved. Meanwhile, The influence of section and spacing 
of the stiffeners on the fatigue behavior of the aluminum plate was investigated. 

Keywords: stiffened plate, vibration fatigue, vibration test, fatigue life. 

 

INTRODUCTION 

Aluminum alloys are widely used in aeronautic engineering in types of plate structure. The 
vibration fatigue failure must be considered during the structural design process, and the 
fatigue property should be tested or predicted. Random vibration testing is common for 
estimating the vibration fatigue durability of materials and structures. The methods for 
predicting fatigue life can be divided into time domain and frequency domain based by the 
data and parameters used in the analysis. The time domain method has been accepted widely 
for fatigue life prediction, however, calculating the cycles of vibration loading process is very 
time consuming. Modal analysis has been widely used for damage evaluation by the 
parameters of natural frequency and some researchers pointed out that the defects in structures 
can be detected by the natural frequencies. Some investigations showed that the relationship 
between the loading cycles and the relative changes of natural frequency was non-linear, and 
natural frequency decreases dramatically in the end stage of fatigue life. 

This paper outlines the relationship between the cumulative fatigue damage in time domain 
and the natural frequency changes are analyzed. The failure criterion of 5% reduction in 
fundamental frequency is validated by several random vibration fatigue experiments of 
stiffened 2024-T3 plate. The factors of crossing shape and spacing which influence the 
enhanced effort of the stiffeners are discussed using the results of vibration fatigue test. 

 

RESULTS AND CONCLUSIONS 

Table 1 shows the mean fatigue life (in seconds) for each group of specimen obtained in form 
of seconds during relevant loading duration in the time domain. It can be found that since the 
reduction in natural frequency is about 2.8% when the specimen failure, the threshold of 5% 
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can be improved. In order to get the relationship between the fatigue damage and the 
reduction in natural frequency, a nonlinear fitting was used. In the present work it seems that 
the definition of fatigue damage variable D can be described as 

0

1

a

nF
D

F

 ∆
= −  ∆ 

                                                                                                                       (1) 

;                                                                       (2) 

where Fn is the natural frequency of the plate in the current fatigue damage state, Ff is the 
natural frequency of the failed specimen, and F0 is the initial natural frequency, undamaged 
plate specimen. Then the Eq.(1) can be used to predict the fatigue life of plate. Fig.1 
illustrates the predicted and calculated experimental fatigue lives where a good agreement can 
be achieved when a=1.925 and the agreement fall due to the increased stiffeners. 

The natural frequency of the stiffened plate is increased. With the same cross-sectional area of 
stiffener, the T section stiffened plate has longer fatigue life than L section stiffened plate due 
to more enhancement of T section stiffener to the stiffness of plate. Besides, the spacing 
between neighboring stiffeners also plays an important role in the vibration fatigue behavior 
of stiffened plate in the form that the smaller stiffener spacing, the longer vibration fatigue 
life. 

Table 1 - Mean fatigue life of each groups 

Group 
cross section 
of stiffener 

Spacing 
Mean results 

by time domain 
Mean results 

 of reduction in natural frequency 
A — — 4847s 2.76% 
B L 150mm 5026s 2.80% 
C T 150mm 5362s 2.83% 
D T 132mm 5879s 2.82% 
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(a)  group A                                                               (b)  group C 

Fig. 1 - Comparison of calculated experimental results with fitted results 
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ABSTRACT  

The present paper provides a discussion on all these topics and it offers solutions for it. The 
authors present an analytical solution of a ∆J based crack driving force based on an R6 type 
approach but modified for cyclic loading. The gradual build-up of the crack closure effect is 
modelled by the so-called cyclic R curve which describes the crack size dependency of the 
fatigue crack propagation threshold in the short crack regime. It is explained how the cyclic R 
curve is experimentally determined and how it can be estimated by a modified Kitagawa-
Takahashi approach. 

Keywords: fatigue strength, S-N curve, crack propagation, J-integral, residual lifetime. 

 

INTRODUCTION 

The total life of a component, as well as the fatigue limit, is based on the S-N curve approach. 
Whilst the material S-N curve is usually determined on smooth specimens (hour glass type or 
flat plates), component S-N curves, besides the specific material, are affected by a number of 
factors such as different mean stress, notches, surface roughness and impairments, a highly 
stressed volume which is different for tension and bending, the size of the component, etc. In 
practical application, those effects are usually taken into account by semi-empirical correction 
factors on the fatigue limit. 

In contrast, fracture mechanics has the potential for implicitly taking into account all those 
parameters. The transferability problem from test specimen to component is not solved 
empirically but on a physical basis. However, in common applications e.g. in the framework 
of a damage tolerance concept, fracture mechanics is restricted to the determination of a 
residual lifetime, i.e., the time a pre-existing crack needs to grow to its critical size. The 
dimensions of the pre-existing crack are defined by the detection limit of the non-destructive 
testing method applied in quality control after manufacturing or in regular inspections in 
service. They will usually be in the order of millimeters or - in fracture mechanics 
terminology - in the order of so-called long cracks. 

When fracture mechanics shall be applied to the total lifetime respectively the fatigue limit of 
components (within the meaning of the S-N curve approach) it has to overcome this 
limitation. More specifically it has to address four challenges:  

(a) It has to adequately describe so-called short crack propagation, which cannot be based on 
the common long crack concepts for principle reasons. Since the crack size is in the order of 
the plastic zone size or a notch strain field, the modelling of short crack propagation cannot be 
based on the common linear elastic ∆K concept. Instead, an elastic-plastic parameter such as 
the cyclic J integral has to be applied. A second point is that the crack closure concept has to 
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be modified in that the crack opening stress is not a constant, crack size-independent 
parameter but shows a transient behavior with increasing short crack size. 

(b) It has to provide a meaningful definition of the initial crack dimensions as the starting 
point for an S-N curve relevant (residual) lifetime analysis. This can be based either on the 
(statistical) size of material defects which can be treated as cracks or by the size of the crack 
which would arrest subsequent to early crack propagation, whatever is larger. 

(c) It has to cope with the problem of multiple cracks for load levels higher than the fatigue 
limit such as it occurs in many applications in the absence of very large initial defects.  

(d) This requires consequent statistical treatment taking into account variations in the local 
geometry of the area where crack initiation has to be expected as well as the scatter in the 
initial crack size and in the material data used for the analyses. 

 

RESULTS AND DISCUSSION 

The arrest crack size as the initial crack size or a lower bound to this is determined by a cyclic 
R curve analysis at the stress level of the endurance limit or a suitable substitute. Variations in 
the local geometry, and based on this, multiple crack propagation require the subdivision of 
the structure into equal sections the geometry of which is randomly defined but on the basis of 
realistic statistical distributions of the geometry parameters. The basic scheme for statistically 
determining endurance limits and finite life S-N curves is shown in Fig. 1. 

Because of the high calculation effort it is desirable to have at hand parameter equations for 
the most important model parameters such as stress-depth profiles, stress intensity factors and 
others. Such solutions are provided for weldments. Different types of weldments also form 
the background for illustrating the model of the authors and its suitability for statistically 
predicting the endurance limit as well as the finite life S-N curve for which a number of 
examples is provided.  

 
Fig. 1 - Schematic view of the statistical determination of endurance limits (defined for 107 

loading cycles) and finite life S-N curves. 
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ABSTRACT 

The important role of geometrically necessary dislocations in structural integrity assessment 
has encouraged an extensive use of strain gradient plasticity theories to characterize the 
behavior at the small scales involved in crack tip deformation. However, despite the 
popularity of Distortion Gradient Plasticity (DGP), the influence on crack tip mechanics of 
DGP’s distinguishing features that entail superior modelling capabilities has not been 
investigated yet. In this work crack tip fields are thoroughly examined by implementing the 
higher order theory of DGP in an implicit finite element framework. The implications on 
fracture and damage modeling are extensively discussed. 

Keywords: distortion gradient plasticity, fracture mechanics, finite element method. 

 

INTRODUCTION 

Experiments have consistently shown that metals display strong size effects at the micron 
scale - smaller is stronger, and much research has been devoted to model this size dependent 
plastic phenomenon. At the continuum level, phenomenological strain gradient plasticity 
formulations have been employed to extend plasticity theory to small scales. Grounded on the 
physical notion of geometrically necessary dislocations (GNDs, associated with non-uniform 
plastic deformation), gradient theories relate the plastic work to both strains and strain 
gradients, introducing a length scale in the constitutive equations. 

In recent years, increased attention has been focused on the need to account for the plastic 
spin, as proposed by Gurtin (2004), to properly describe the plastic flow incompatibility and 
associated dislocation densities. It has been consistently shown that the use of 
phenomenological higher order models that involve the whole plastic distortion (generally 
referred to as Distortion Gradient Plasticity, DGP) leads to superior modeling capabilities; see 
(Martínez-Pañeda et al., 2016) and references therein. 

While growing interest in micro-technology motivated the development of gradient plasticity 
models at first, the influence of GNDs extends beyond micron-scale applications, as strains 
vary over microns in a wide range of engineering designs. Particularly, gradient enhanced 
modeling of fracture and damage appears imperative - independently of the size of the 
specimen - as the plastic zone adjacent to the crack tip is physically small and contains strong 
spatial gradients of deformation. 

In this work Gurtin (2004) model is numerically implemented and subsequently employed to 
investigate the role of large dislocation densities associated with gradients of plastic strains in 
the fracture process zone. 
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RESULTS AND CONCLUSIONS 

Results show a very strong influence of GNDs, revealing the need to incorporate gradient 
effects to adequately characterize behavior at the small scales involved in crack tip 
deformation. As shown in Fig. 1, far from the crack both conventional J2 plasticity and DGP 
estimations agree but differences arise within micros to the crack tip. Moreover, the stress 
elevation intrinsic to gradient plasticity theories shows sensitivity to the weighting of 
energetic or dissipative length scales. 

 
 

Fig. 1 - Representative results. Normalized opening stress distribution ahead of the crack tip for conventional 
plasticity and DGP with different weighting of energetic and dissipative gradient effects. The figure shows 

results along the extended crack plane with the distance to the crack tip in logarithmic scale. 
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ABSTRACT 

The influence of electrodeposited coating of cadmium on AISI 4140 steel has been studied at 
room temperature in axial fatigue. Axial fatigue testing was performed using studs at base 
metal and cadmium coated conditions. Oscillating stresses with maximum stresses (σmax) up 
to 780 MPa, stress ratio R=0.1 and frequency 20 Hz have been applied. For a given σmax, the 
lifetime decrease for threaded samples and even more when cadmium coating is applied. The 
reason is explained by a stress concentration induced at the thread, shown herein by Finite 
Element Method, be intensified by crack propagation at electrodeposited cadmium. Scanning 
Electron Microscope was used to show the fracture surfaces for both cadmium coated and 
base metal studs where is possible to identify many cracks at the coated surface.   

Keywords: fatigue, AISI 4140 steel, cadmium coating, oil and gas. 

 

INTRODUCTION 

The Oil and Gas equipment use a large quantity of studs to resist internal pressure up to 
22,500 psi and any fail could be catastrophic for environment, people and company. To 
withstand the load due to pressure and avoid leakage the studs are pre-loaded by torque 
application on nuts to create tensile stress around 362 MPa that could reach 600 MPa during 
working or testing condition. For equipment used in sea water, oxidation is also an issue and 
to prevent studs from corrosion, electrodeposited coating of cadmium is used and therefore, 
fatigue lifetime will be decreased in comparison to base metal due to the induced crack at 
coated surface and also due to the hydrogen embrittlement possibility, induced by the 
electrodeposited process coating. Studs used on shop floor for testing purpose is essential to 
quantify the number of cycles under worst condition to avoid catastrophic fail as already 
happen in the past, causing injury and death. In this paper the dependence of axial fatigue life 
was analyzed for studs made of AISI 4140 steel in lab environment considering cadmium 
coating and base metal in the range of 104 - 106 cycles. 

 

MATERIALS AND METHODS 

The studs used in the tests are made of AISI 4140 steel produce by Electric Arc Furnace and 
the chemical composition is shown on Table 1. The thread was manufactured by rolling 
process that creates a compressive stress on the surface, increasing the fatigue lifetime in 
comparison to machined threads. After manufactured, the specimens were submitted to 
quenching (900°C for 3 hours, cooling in oil to 81°C) and double tempering (620°C for 3 
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hours, cooling in calm air), reaching 860 MPa yield strength, 978 MPa ultimate stress and 202 
GPa elasticity modulus. For the coated specimens, 13µm of cadmium was applied and 
dehydrogenation treatment was performed (200°C for 8 hours) to avoid hydrogen 
embrittlement. 
 

Table 1 - Chemical composition of AISI 4140 steel (wt. %) 
 

C Mn P S Si Cr Mo V B Fe 

0.38 0.75/1.00 <0.035 <0,04 0.15/0.35 0.8/1.10 0.15/0.25 <0.05 0.0005 Base 

 

To perform the test was used the device shown on Fig. 1, where the sleeves were fixed to the 
testing rig. To quantify the stress concentration, a finite element analysis was performed 
considering an axisymmetric finite element mesh, as shown on Fig. 2 and friction 0.13 was 
considered at contact pairs, reflecting the real system where no grease or oil was used. 

 
Fig. 1 - Testing Device (dimensions in millimeter, except thread) 

 
 
 

 
 

 

Fig. 2 - Axisymmetric Finite Element Mesh 
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RESULTS  

On Fig. 3 is shown the fracture surface from a stud base metal, broken after 326,092 cycles 
under oscillating stress with maximum stress (σmax) 516 MPa, stress ratio R=0.1 and 
frequency 20 Hz.  

  

 

 

   

 

 

 

 

 

 

 

 

 
Fig. 3 - Surface fracture from a base metal stud  

 
On Fig. 4 is shown the fracture surface from a cadmium coated specimen, broken after 76,406 
cycles under oscillating stress with maximum stress (σmax) 516 MPa, stress ratio R=0.1 and 
frequency 20 Hz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 - Surface fracture from a cadmium coated stud 
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On Fig. 5 is shown the S-N curve for both base metal and cadmium coated studs.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 - S-N Curves 

 

On Fig. 6 is shown the von Mises stress for a situation where tensile stress is 516 MPa.  

 

 

 

 

 

 

 

Fig. 6 - von Mises stress (MPa) 
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On Fig. 7 are shown some studs made of base metal broken after testing. 

 
Fig. 7 - Tested base metal studs 

 

On Fig. 8 are shown some studs cadmium coated broken after testing. 

 

Fig. 8 - Tested cadmium coated studs 
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CONCLUSIONS  

On Fig. 4 was identified the influence of cadmium coating by the increased crack nucleation 
in comparison to the base metal stud shown on Fig. 3.  

On Fig. 5 are shown the S-N curves and for maximum allowable stress 600 MPa is possible to 
identify the fatigue lifetime decrease from about 62,000 cycles to about 57,000 cycles that 
represents 8% lifetime reduction when the studs are cadmium coated. For lower cycles is 
possible to identify the influence of the coating on fatigue lifetime decrease and probably can 
be neglected for static condition.   

On Fig. 7 and 8 are shown some broken specimens at the region predicted by finite element 
analysis, shown on Fig. 6, where the gray region identifies von Mises stress higher than 516 
MPa, representing the effect of both tensile, bending and shear stress at contact between stud 
and nut. 

 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge all support from São Paulo State University (UNESP) 
and the donated specimens by Onesubsea, Prec-Tech and CPF companies. 

 

REFERENCES 

[1]-B.Vargas-Arista, J.Teran-Guillen, J.Solis, G.García-Cerecero, M.Martínez-Madrid, 
Normalizing effect on fatigue crack propagation at the heat-affected zone of AISI 4140 steel 
shielded metal arc weldings. Mat. Res. 2013, vol.16, n.4, p.722-778. 

[2]-Chapetti, M., Estimation of the plain high-cycle fatigue propagation resistance in steels. 
Mat. Res. 2002, vol.5, n.2, p.101-105. 

[3]-Fragoudakis, R.; Karditsas, S., Savaidis, G.; Michailidis, N., The effect of heat and 
surface treatment on the fatigue behavior of 56SiCr7 spring steel. XVII International 
Colloquium on Mechanical Fatigue of Metals (ICMFM17), Procedia Engineering 74 (2014) 
p. 309-312 

[4]-Marcelino, P. Nascimento, Marcelo A.S. Torres, Renato C. Souza, Herman J.C. 
Voorwald, Effect of shot peening pre heatment on the fatigue behavior of hard chromium on 
electroless nickel interlayer coated AISI 4340 aeronautical steel. Mat. Res. V.5, no.2 

[5]-Miguel, I. M.; Amorim, C. E. S.; Peres, M. P.; Voorwald, H. J. C., Study of influence of 
zinc-nickel and cadmium electroplated coating on fatigue strength of aeronautical steels. In: 
Fatigue 2002, 2002, Stockholm. Proceeding of Eighth International Fatigue, 2002. v.4, p. 
2461-2468 

[6]-Wittenberghe, J. V.; Pauw, J., Baetes, P.; Waele, W. Wahab, M. A.; Roeck, G., 
Experimental determination of the fatigue life of modified threaded pipe couplings. In: 
Fatigue 2010, Procedia Engineering 2 (2010) p. 1849-1858.  



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 
Publ. INEGI/FEUP (2017) 

-517- 

 
PAPER REF: 6843 
 
 

FATIGUE CRACK GROWTH BEHAVIORS AT ELEVATED 
TEMPERATURE IN MOLYBDENUM AND TZM ALLOY  
 
Yukio Miyashita1(*), Hiroaki Ameno2, Yoshihau Mutoh3, Kosoku Nagata4 
1Department of Mechanical Engineering, Nagaoka University of Technology, Niigata, Japan  
2Graduate School of Engineering, Nagaoka University of Technology, Niigata, Japan 
3Professor emeritus, Nagaoka University of Technology, Niigata, Japan 
4Department of System Safety, Nagaoka University of Technology, Niigata, Japan 
(*)

Email: miyayuki@mech.nagaokaut.ac.jp  
 
 
ABSTRACT 

High temperature fatigue crack growth tests in Molybdenum (Mo) and Titanium Zirconium 
Molybdenum (TZM) alloy were carried out. Crack length was estimated with compliance 
method by using a measuring system developed. TZM alloy showed slightly higher fatigue 
crack growth resistance compared to Mo at all temperature tested. Fatigue crack growth 
resistance decreased with increase in testing temperature in both Mo and TZM alloy. The 
reduction in fatigue crack growth resistance at elevated temperature might be induced by 
reduction in elastic modulus as well as change in crack growth mechanism. 

Keywords: Mo, TZM alloy, fatigue crack growth behavior, high temperature. 

 

INTRODUCTION 

Molybdenum (Mo) and its alloy have been widely used for high temperature application due 
to high melting temperature and excellent mechanical properties at elevated temperature. 
Therefore, fatigue property in Mo and its alloy is important to understand to considering 
reliability of a component used at elevated temperature. Study on high temperature fatigue 
behaviors in Mo and its alloy have been carried out (Maday, 1996)(H.J. Shi, 1998)(H.J. Shi, 
2000) but limited. In this research work, fatigue crack growth behavior of Mo and Titanium 
Zirconium Molybdenum (TZM) alloy were investigated at high temperature (<700ºC). In 
order to avoid a problem of oxidation for the specimen, all high temperature tests were carried 
out inside a chamber with Ar gas atmosphere. Therefore, crack length was estimated at 
elevated temperature with change in compliance of a specimen during the fatigue test by 
using a measuring system developed. 

 

RESULTS AND CONCLUSIONS 

Chemical composition and mechanical properties for materials used are shown in Tables 1 
and 2. Figure 1 shows a measuring system for deformation of a specimen inside a chamber. 
According to comparison in crack lengths measured with compliance method and measured 
with microscope by interrupted test, crack length was successfully estimated with high 
accuracy with the compliance method by using a system established in the present study. 
Moreover, crack closure behavior was possible to evaluated by the method at elevated 
temperature. TZM alloy showed slightly higher fatigue crack growth resistance compared to 
Mo at all temperature tested. This difference in crack growth resistance might be due to effect 



Topic-C: Fatigue and Fracture Mechanics 
 
 

-518- 

of precipitate of TiC or ZrC in TZM alloy. Fatigue crack growth resistance decreased with 
increase in testing temperature in both Mo and TZM alloy. Reduction in fatigue crack growth 
resistance due to increase in testing temperature was more significant in Mo alloy. Crack 
closure was observed for all testing temperature in the both materials. According to crack 
growth curves arranged by effective stress intensity factor range, ∆Keff, it was considered that 
difference in crack growth curves with different temperature for the both materials were not 
only induced by difference in clack closure. Figure 3 shows fatigue crack growth curves 
arranged with ∆Keff divided by Young’s modulus, E. Change in Young’s modulus at elevated 
temperature was also estimated by using a testing system developed. It was observed that 
difference in fatigue crack growth curves at different temperature became small by arranging 
∆Keff /E. According to fracture surface observation, mixed mode fracture morphology between 
intergranular and transgranular was mainly observed in a specimen tested at room 
temperature. However, intergranular fracture mode was predominantly observed in higher 
temperature for the both materials. It was speculated that the reduction in fatigue crack growth 
resistance at elevated temperature might be induced by reduction in elastic modulus as well as 
change in crack growth mechanism. 

Table 1 - Chemical composition for materials used 
 Mo Ti Zr K, Si 
Mo ≧99.95 - - 500 ppm 
TZM Bal. 0.5 0.075  

 
Table 2 - Mechanical properties for materials used at RT 

 Mo TZM 
Young’s modulus, GPa 337 340 
Poisson’s ratio 0.29 0.28 
Tensile strength, MPa 790 960 
Hardness, Hv 233 272 

          
Fig. 1 - Schematic illustration of measuring system for deformation of a specimen inside a chamber 
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ABSTRACT 

With advances in sheet metal forming sectors there are instances (Embury and Duncan 
1981)(Silva et al. 2008) where the use of conventional forming limit curve (FLC) is not 
accurate. For this reason recently researchers (Atkins 1996; Isik et al. 2014) have started using 
modified forming limit diagram (FLD) which rely on fracture limits rather than necking limit 
as in the case of FLC. This study involves numerically simulating and replicating these 
fracture limits for Copper as material. Load-displacement graph is used to validate the 
accuracy of the simulation when compared to experimental values. The study so far shows 
good prediction of fracture and possibility to plot the FLD with fracture limits using these 
simulations. These simulations give very good insight to the stain path followed by the 
specimen before its fracture. 

Keywords: numerical simulation, shear specimen, fracture limit, copper. 

 

INTRODUCTION 

The graph between the major strains and the minor strains in principal stain space is called as 
forming limit diagram (FLD). Forming limit curve (FLC) represents the failure limit of sheet 
metal on the onset of necking. This FLC was developed by (Goodwin 1968) and (Keller 
1968). Until recent times FLC served the purpose but (Embury and Duncan 1981) showed 
that in some instances fracture preceded necking and the FLC rendered of no use in those 
instances. Later with development of incremental forming it was observed that sheet metal 
can be formed far beyond FLC and still does not ‘fail’ (Silva et al. 2008). For this reason 
Fracture forming limit line (FFL) was introduced by (Atkins 1996).  

In order to plot the forming limits based on fracture limits, several researches (Martins et al. 
2014) (Isik et al. 2015)(Soeiro et al. 2015) have been proposed solutions. In these works the 
FFL is plotted using special specimen on the universal tensile machine. The aim of this study 
is to replicate these in simulation for Copper.   

 

RESULTS AND CONCLUSIONS 

Specimen are designed as per the specification provided in (Isik et al. 2014). But in the 
before-mentioned work Al alloy was used. For this work experimental data for Copper is 
used. The FEM 3D modelling conditions are kept as close to actual tests as possible. The 
constitutive model selected was Von mises Plasticity model with isotropic hardening and the 
normalized Cockroft-Latham damage criterion was used as the fracture condition. The 
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obtained numerical simulation is validated using load-displacement curve. As can be seen for 
double notch tensile test (DNTT) in figure 1, the simulation fairly matches with the actual 
experimental readings with error deviation below 7%.  

 
            Fig. 1 - Load - displacement curve               Fig. 2 - Fracture in FEM and in experiment for DNTT 

This study shows simulation as well as experimental values of Copper - FFL. The numerical 
results are verified with experimental load-displacement curve. The formability analysis can 
be carried out in triaxiality plane with current results. The strain path for each specimen can 
be traced using simulations. These strain paths give insight to failure mechanism.  
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ABSTRACT 

Recent experimental studies have been showed that double I-section steel column system has 
many benefits in combination with concrete. Usually, double columns are constructed as 
spaced or closed. Filling the columns with concrete can improve the frame performance 
according to weak beam-strong column principle. Ultra High Performance Concrete (UHPC) 
that is a concrete with strength more than 150 MPa can be used in the spaced and closed 
columns for increasing the stiffness. So, in this research, numerical finite element models that 
can consider the behaviour of this combined UHPC and spaced column system are proposed. 
Also, cyclic performance of this system is investigated by study the energy absorption. 
Results showed that by changing the plain concrete inside the space columns to UHPC, 
ultimate bearing capacity of the columns increases significantly. 

Keywords: UHPC, FEM, Double spaced columns, Energy absorption. 

 

INTRODUCTION 

Composite steel-concrete construction has been widely used in many structures such as 
buildings. The concrete-encased composite column is one of the common composite 
structural elements (Wang, 2002). A method for estimation the ultimate strength of 
rectangular concrete-filled steel tubular stub columns under axial compression is proposed in 
recent researches and the ultimate strength of concrete core is determined considering a 
failure criterion of concrete under triaxial compression (Huang et al., 2008). Also, Example 
material constitutive models for concrete-filled tube columns of circular cross section are 
proposed in (Hu et al., 2010). Different column lengths, sectional sizes and infill concrete 
strength are used to quantify the effect of member geometry and constituent material 
properties on the structural behaviour of columns in recent researches and new equations were 
proposed and used to predict the capacities of elliptical CFT columns (Jamaluddin et al, 
2013). Also, Tests on concrete-filled elliptical hollow section beam-columns have been 
directed to examine their important structural behaviour. The results of experiments and the 
provisions of the European Standard for determining the ultimate load of concrete-filled 
circular and rectangular hollow section columns have been compared. It was concluded that 
for designing concrete-filled elliptical hollow section columns the predicted resistances are 
safe (McCann et al., 2015). 

In this paper, numerical models of UHPC filled double spaced columns have been proposed 
by finite element program ABAQUS and the results has been verified by recent experimental 
researches. Parameters like ultimate bearing capacity under monotonic and cyclic load and 
energy absorption of the column are investigated and the effects of changing the concrete 
strength and the space between the battens of double spaced column are studied. 
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RESULTS AND CONCLUSIONS 

The results of investigating the effect of changing UHPC strength on the ultimate bearing 
capacity of double spaced column are shown in Fig. 1. As shown in this figure, with 15 % 
increase in UHPC strength, ultimate bearing capacity of column is increased by 11 %. 

The effect of changing the number of battens of double column is proposed in the associated 
table. As shown in this table, with increasing 3 numbers of battens, ultimate bearing capacity 
of columns is increased by 2 percent. 

 

 
 
 
 
 
 
 

 

 

 

 

 

Fig. 1 - Effect of changing UHPC strength 
 

 
This study shows that ultimate bearing capacity of concrete filled double spaced columns is 
significantly increased in cyclic loading with changing the type of concrete from plain to 
ultra-high performance concrete. 
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Strength Changes of 
UHPC  

Ultimate Bearing 
Capacity (MN) 

No change 8.29 
5 percent increase 8.61 
10 percent increase 8.92 
15 percent increase 9.23 
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ABSTRACT 

In this paper a new approach to analysis of thermo-elastic properties of random composites 
with interphases is outlined and illustrated. It is based on the statistical homogenization 
method - the method of conditional moments - combined with the recently introduced notion 
of the energy-equivalent inhomogeneity, extended here to include thermal effects. After 
exposition of its general principles, the approach is applied in the investigation of the 
effective thermo-elastic properties of materials with randomly distributed nano-particles. 

Keywords: interphase, energy equivalence, Gurtin-Murdoch model, spring layer model. 

 

INTRODUCTION 

The basic idea of equivalent inhomogeneity (Nazarenko, 2016) is to replace the 
inhomogeneity and the surrounding interphase by a single equivalent inhomogeneity of 
constant stiffness tensor and coefficient of thermal expansion (CTE), combining elastic and 
thermal properties of both. The equivalent inhomogeneity is then perfectly bonded to the 
matrix which enables composites with interphases to be analyzed using techniques devised for 
composites without interphases. From the mechanical viewpoint, definition of the equivalent 
inhomogeneity is based on Hill’s energy equivalence principle, applied to the problem 
consisting only of the original inhomogeneity and its interphase. This is illustrated 
considering spherical particles with two models of interphases, the Gurtin-Murdoch (GM) 
material surface model and the spring layer model. The resulting equivalent inhomogeneities 
are subsequently used to determine effective thermo-elastic properties of randomly distributed 
particulate composites. The effective stiffness tensors CTE’s of the considered composites are 
determined by the method of conditional moments (Nazarenko, 2009). Closed-form 
expressions for the effective thermo-elastic parameters of a composite consisting of a matrix 
and randomly distributed spherical inhomogeneities are derived for the bulk and the shear 
moduli as well as for the CTE’s. Dependence of the effective parameters on the interphase 
properties is included in the resulting expressions, exhibiting analytically the nature of the 
size-effects in nano-materials. 

  

RESULTS AND CONCLUSIONS 

Numerical results only for composites with GM interphase are presented here. In the first 
example, the effects of the surface thermo-elastic properties on the effective CTE of solids 
containing spherical nano-pores (Fig.1a,b) are analyzed. The results are presented for porous 
aluminum, with ic  denoting the volume fraction of inhomogeneities (nano-pores in the first 
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example). The free-surface elastic moduli and CTE are taken the same as in Duan (2007); (A) 
for surface [100]: the bulk modulus N/m457.5−=SK and the shear modulus N/m2178.6−=Sµ ; 
and (B) for surface [111]: N/m932.12=SK ; N/m3755.0−=Sµ . The CTE of bulk aluminum is 

K10*01.5 5
m

−=α while that of its surface is m5αα =S . In the second example the epoxy matrix 
with randomly distributed spherical glass particles is investigated (Fig. 1c). The material 
parameters are (Duan, 2007): for the particles the Young modulus is - PaE G4.72i = , whereas 

the Poisson ratio 2.0i =ν  and CTE K10*5 6
i

−=α ; for the matrix - PaE G45.3m = , 3.0m =ν , 

K10*42 6
m

−=α , the interface CTE is m2αα =S . The effective normalized CTE clαα /*  and 

mαα /*  (with the subscript “cl” representing the solution without surface effects) for the 
material with randomly distributed spherical nano-particles is determined and shown in Figs 
1a,b,c. Its dependence on the radius of nano-voids (for fixed volume fraction of nano-pores 

3.0i =c ) is shown in Fig.1a, on the void volume fraction ic  (for different radii of nano-pores) 
in Fig.1b, and on the interface parameter ( )rKKq iS /=  (for various particle volume fraction ic ) 
in Fig.1c. It is seen that the results obtained using the proposed approach compare well with 
other theoretical predictions (Chen, 2006; Duan, 2007). So, one can conclude that the new 
approach is effective and accurate, while rendering a closed-form solution of the problem. 

    
                          a)                                                           b)                                                       c) 

Fig. 1 - Dependence of the normalized CTE clαα /*  and mαα /* on a) radius of a spherical cavity (for 3.0i =c ); 
b) on the void volume fraction ic  for the various radii of a spherical cavity; c) on the interface parameter 

( )rKKq iS /=  for various glass particle volume fractions ic . 
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ABSTRACT 

This work investigates the uniaxial compressive behavior of additive manufactured metallic 
micro-lattice materials. Different temperatures and loading velocities are taken into 
consideration for analysis. The mechanical tests provide some useful information about the 
mechanical properties and optimal design of the micro-lattice materials used in structural 
protection. 

Keywords:  solid mechanics, additive manufacturing, micro-lattice, energy absorption. 

 

INTRODUCTION 

The rapid development of the aerospace and automobile industry requires that the material 
has the characteristics such as lightweight and multifunctional integration. Cellular materials 
have been proved to with excellent properties combining light weight, outstanding mechanical 
behavior and low thermal conductivity (Gibson, 1999). With the emerging of newly 
manufacture methods such as additive manufacturing technology, periodic lattice structures 
have attracted much attention due to their better properties than stochastic foams. It had been 
demonstrated that the mechanical properties of metallic lattice materials additive 
manufactured were affected by manufacturing routes, parameters and post-manufacture 
treatments (Hasan, 2013). Loading velocity is also an important factor which can change the 
energy absorption of the lattice structures (Ozdemir, 2016). 

A series of quasi-static and dynamic tests were performed. All the samples were cubic and the 
sample length was 15 mm (±0.3 mm). The quasi-static tests were performed at slow 
displacement rate (0.9 mm/min) and at four different temperatures (25º C, 200º C, 400º C and 
600º C). The dynamic tests were conducted by split Hopkinson pressure bar (SHPB). The 
samples were loaded with three velocities (13m/s, 18m/s and 23m/s) at room temperature 
(≈25º C). From the compressive test, the collapse strength and plateau stress of the lattice 
materials were calculated. The energy absorption capacities were also evaluated. 

 

RESULTS AND CONCLUSIONS 

Fig.1 shows the collapse strength and plateau stress of Ti-6Al-4V lattice structure at different 
temperatures. The initial collapse strength obtained from the quasi-static and dynamic tests 
are shown in Fig. 2.  
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(a) (b) 

Fig. 1 - Quasi-static compressive test results: (a) Collapse strength; (b) plateau stress 
 

(a) (b) 

Fig. 2 - Yield strength of Ti-6Al-4V lattice structure: (a) with 5 cells along each direction; 
(b) with 3 cells along each direction at different strain rates 

 

The results show that the temperature and strain rate influence the mechanical properties of 
Ti-6Al-4V lattice structure. Compared with other porous materials existed, Ti-6Al-4V lattice 
structure fabricated by EBM exhibit more excellent crush resistance at high temperatures. 
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ABSTRACT 

This work deals with a re-infiltration repair procedure for fibre reinforced plastics potentially 
applicable to components used in civil aviation. Based on Compression-After-Impact (CAI-) 
testing, it is shown that the re-infiltration repair approach exhibits the potential to extend its 
field of application from cosmetics to structural repairs. As not only mechanical issue but also 
the fulfilment of certification standards is one major key for establishing a new repair 
procedure in civil aviation, the chance to achieve certification regulations as well as the 
corresponding development steps are discussed. 

Keywords: fibre reinforced plastics, impact damage, repair, compression-after-impact testing. 

 

INTRODUCTION 

In civil aviation, repairs of fibre reinforced plastics (FRP) are usually carried out by removing 
the damaged area and introducing a repair patch using mechanical fastening. This repair 
procedure has to be applied from impact energies on where the impact damages are barely 
visible (i.e. from Barely Visible Impact Damages, brief BVIDs on). This gives rise to various 
shortcomings. Among others, the repair process is time-consuming and only certified, well-
equipped repair workshops are allowed to carry them out. Moreover, the repair adds 
additional weight to the structure and it weakens the structure as the strength of the parent 
component cannot necessarily be fully restored. However, due to safety reasons, it doesn’t 
matter whether the damage is indeed so severe that such an extensive repair is justified or not. 

An alternative is the so called re-infiltration strategy. It is simpler and more cost-effective as 
in contrast to conventional repairs no removal of the damaged area is needed. The damaged 
area is re-infiltrated with a low viscosity resin closing matrix cracks and delaminations. The 
risk that the damage accumulates to a significant size endangering the load bearing capacity 
of the component is consequently reduced. However, the re-infiltration of the damage has to 
be treated as an adhesively bonded repair from a certification point of view. As the 
corresponding regulation standards are difficult to achieve [Schmid-Fuertes, 2015], re-
infiltration repairs are only carried out due to cosmetics reasons in civil aviation today. 

 

RESULTS AND CONCLUSIONS 

Re-infiltration repair solutions have been first studied in the beginning of the 1990’s (cp. e.g. 
[Russell, 1991 and 1992]) indicating their potential to slow down or to limit completely crack 
growth. During the past years, research work (cp. [Hautier, 2010]) is documented that deals 
again with the re-infiltration repair of FRP components. This is due to the up-coming of new 
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resin formulations with very low viscosities allowing better fillings of delaminations (cp. e.g. 
[Thunga, 2013]). These works are the starting point of this article. It is shown that the re-
infiltration repair can also be used to restore sample strength in CAI-tests not only for energy 
levels around BVID but also for higher impact levels where no complex sample preparation 
for resin infiltration is needed (see Fig. 1). As the certification aspect is one major key for 
establishing re-infiltration repairs for structural components in civil aviation, the certification 
requirements are discussed and potential research steps to achieve them are illustrated. 

 
Fig. 1 - Results of Compression-After-Impact test for undamaged, damaged 

and repaired specimens 
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ABSTRACT 

Most of the critical components responsible for safe operation of the aircraft engine are made 
of heat resistant nickel-based superalloys. The main manufacturing process, that is used for 
aircraft engine hot section components, is investment casting technology, which is based on 
use of multilayer ceramic moulds. The use of modern ceramic materials containing fibers will 
improve technological parameters of the ceramic moulds. 
 
Keywords: ceramic moulds, fibres, investment casting, aerospace. 

 

INTRODUCTION 

Cost reduction in production by investment casting method is associated with reduction in the 
“poor quality” cost which is one of the basic problems in the foundry industry. Reducing this 
costs is associated with optimization of manufacturing technology of aircraft engine critical 
elements and can be achieved by improving properties of self-supporting ceramic moulds. 

Important technological problem in production of castings from nickel-based superalloys is to 
develop manufacturing technology for ceramic moulds with assumed technological 
parameters. Improvement of these parameters can be achieved through use of a new 
generation of ceramic materials [1-3]. 

The problem of defects in castings despite the use of advanced techniques is not yet resolved 
[4]. There is a lack of comprehensive design and evaluation of the impact on the ceramic 
mould during annealing, casting and solidification process in the area of thin-walled castings, 
as it is in case of trailing edge of the blades. It does not allow to determine the definite causes 
of defects appearance. This is due to limited, by global foundries producing elements of 
aircraft engine hot sections, available technological expert knowledge. In many foundries 
there is a need to resolve these issues linked with change of both types of castings and 
introduction of new ceramic materials [5-7].  

Test results allow accurate determination of the impact of applied type of ceramics and fibers 
on improvement of technological properties as permeability and strength of the ceramic 
mould during annealing process and the initial pouring and solidification. These data are 
necessary to determine the impact of geometrical characteristic change on temperature 
distribution in the mould. Thus also on the orientation of the solidification front during the 
manufacturing process. Obtained knowledge will significantly contribute to reduce the 



Topic-D: Composite and Advanced Materials 
 
 

-532- 

workload and thus the cost of production, not only in the aircraft industry, but also in meaning 
of castings of machine components manufactured by investment casting method [8-12]. 

 

RESULTS AND CONCLUSIONS 

The test materials are 3 moulding binders. Below, basic properties of tested adhesives are 
presented, that were specified by the manufacturer [4].  

The first binder (market as 1) is an aqueous colloidal suspension containing alkaline silica of 
approx. 30% by weight. The silica sol is stabilized by addition of sodium. The particles have 
negative surface charge, a spherical shape and are of similar sizes. The binder 1 has form of a 
semi-transparent liquid with a viscosity slightly in excess of water.  

The binders 2 and 3 are acrylic emulsion polymers, of white colour and a solid content of  
48-50%. Additionally, binder 3 consists of vitreous fibres of 1-10% by weight.  

Table1. Chemical composition of investigated binders (by the producer) [5] 

Binder Compound Content [mass %] 

1 Silica (amorphous) 20-40 

2 Non-ionic alcohol (surfactant) 1-10 

Acrylic polymer emulsion 80-95 

Ammonia <0,1 

2,2’2”(heksahydro-1,3,5-
triazyno-1,3,5 tryil) trietanol 

2 

Diphenyl ketone 0.3 

3 Non-ionic alcohol (surfactant) 1-10 

Acrylic polymer emulsion 80-95 

Ammonia 0.1 

2,2’2”(heksahydro-1,3,5-
triazyno-1,3,5 tryil) trietanol 

2 

Synthetic vitreous fibres 1-10 

Figure 1 presents the results of microstructure investigation of binder 1, which was carried out 
using STEM technique. On the basis of the investigation, it was found that the tested binder 
contains SiO2 particles of spherical shape. Observed particles have a diameter of approx. 5 to 
20 nm and are clustered in agglomerates with sizes ranging from 100 nm to several microns.  

Figure 2 and table 2 present the results of particles and agglomerates size measurements 
carried out using DLS technique. The resulting particle size distribution consists of three 
peaks - most intense corresponding to the particle equivalent diameter of approx. 200 nm and 
two peaks with lower intensities, corresponding to particles with a diameter equivalent to 
approx. 5 nm and approx. 4.2 µm. The results correspond to STEM observations (Fig. 1). Less 
intense peak for the size of approx. 5 nm corresponds to spherical particles of SiO2, while 
peaks obtained for the size of approx. 200 nm and approx. 4.2 microns suit their 
agglomerates.  
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Fig. 1 - Microstructure of binder 1 
 

 

 
Fig. 2 - Particle size distribution for  binder 1 
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Table 2 - Equivalent diameters of particles and intensity of the peaks for binder 1 

 Diameter d [nm] Intensity [%] 

peak 1 198 79 

peak 2 5 17 

peak 3 4187 5 

  
Figure 3 and table 3 show the results of DLS analysis performed on binder 1 after the process 
of breaking the agglomerates in an ultrasound bath for 15 min. The resulting particle size 
distribution consists of three peaks - corresponding to the most intense particle equivalent 
diameter of approx. 130 nm and two peaks with lower intensities, corresponding to particles 
with a diameter equivalent to approx. 5 nm and approx. 2.5 µm. Obtained results indicate 
reduction in the size of the agglomerates from approx. 200 nm and 4.2 microns to approx. 130 
nm and 2.5 microns after treatment in an ultrasound bath. The size of individual SiO2 particles 
has not changed and is approx. 5 nm. 
  

 

 
Fig. 3 - Particle size distribution in binder 1 after breaking by ultrasonication for 15 min 

 
 
 
 
 
 

Table 3 - Equivalent diameters of particles and intensity of the peaks of binder 1 
broken by ultrasonication for 15 min 

 Diameter d [nm] Intensity [%] 

peak 1 132 71 

peak 2 5 18 

peak 3 2511 11 

 
Figure 4 presents TGA analysis results for binder 1. Differential thermogravimetric curve 
shows peak corresponding to maximum temperature of approx. 63 °C. Mass decrease at such 
low temperature is caused by evaporation of the water bound in the binder. The mass 
remaining after pyrolysis of approx. 94% of the original mass of the sample corresponds to 
the silica.  
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Fig. 4 - TGA analysis results for binder 1 

 
 

Figure 5 presents the results of particle size measurements for binder 2, which was carried out 
using DLS technique. Resulting distribution of particles shows one peak corresponding to a 
maximum equivalent diameter of particles of 173 nm. Figure 6 shows the results of DLS 
analysis performed for binder 2 after the process of breaking the agglomerates in an 
ultrasound bath for 15 min. Resulting particle size distribution also has a peak corresponding 
to the equivalent particle diameter of 173 nm. Based on the results, it was found that the 
polymer particles contained in the binder are unagglomerated and have a size of approx. 170 
nm. 

 

 

 
Fig. 5. Particle size distribution in binder 2 
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Fig. 6 - Particle size distribution in binder 2 after breaking by ultrasonication for 15 min 

 
Figure 7 presents TGA analysis results for binder 2. Differential thermogravimetric curve 
shows two peaks with maximum values of 117 °C i 396 °C. First of them corresponds to the 
first stage of decomposition characterized by mass loss on the level of 7.8%. This peak can be 
identified as a result of loss of water, alcohol, or 2,2'2 "(hexahydro-1,3,5-triazine-1,3,5 tryil) 
triethanol present in the binder.  The second peak corresponds to polymer decomposition, 
where the mass loss is on the level of approx. 86.8%. The remains of the pyrolysis process are 
approx. 5.3% of the original mass.  
 

 
Fig. 7 - TGA analysis results for binder 2. 
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one peak. The maximum values corresponds to equivalent diameter of the particles on the 
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Resulting particle size distribution also has a peak corresponding to the equivalent particle 
diameter of 161 nm. Based on obtained results it was concluded that that the polymer particles 
contained in the binder have uniform size of approx. 160-169 nm and are not agglomerated. 
 
 
 

 

Fig. 8 - Particle size distribution in binder 3 
 
 
 
 
 

 

Fig. 9 - Particle size distribution in binder 3 after breaking by ultrasonication for 15 min 
 

 
 
Figure 10 Residues after pyrolysis of the binder Based on these results, it was found that the 
mass remaining after the pyrolysis process corresponds to the fibers used in the binder 3.  

Figure 11 presents TGA analysis results for binder 3. Differential thermogravimetric curve 
shows peak corresponding to maximum temperature of 397 °C. It is linked to polymer 
decomposition with mass loss on the level of 90%. The remains of the pyrolysis process are 
approx. 10% of the original mass. 
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Fig. 10 - Residues after pyrolysis of the binder 3 

 
 
 
 

 
Fig. 11 - TGA analysis results for binder 3 
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In order to investigate chemical and phase composition, the fibers were separated from the 
binder 3 submitted to multi step filtration through a sieve and then washed. Separated fibers 
are presented in figure 12. They are of a white colour and a length up to 10 mm. 
 

 
Fig. 12 - Fibers separated from the binder 3 

 
Figure 13 shows separated fibers by meaning of light microscopy. They are transparent of a 
thickness of approx. 5-10 mm. 

 

  

  
Fig. 13 - Fibbers separated from the binder 3 - light microscopy 

a) b
) 

c) d
) 
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Figures 14 and 15 present SEM and EDS analysis results of investigate fibers. Based on the 
results it was found, that investigated fibers consist mainly calcium. The other detected 
elements are silicon and aluminium. Investigated chemical composition corresponds to 
composition of glass fibres.  
 
 

  
Fig. 14 - Fibers separated from the binder 3 - SEM 

 
 
 
 

 
Fig. 15 - Fibers separated from the binder 3 - EDS spectrum 

 
 
 
 
 

Table 4 - Fibers separated from the binder 3 - EDS spectrum 

Element mass % 

Al 3 

Si 10 

Ca 88 

 

a) b
) 
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CONCLUSION 

The study involved two types of binders - one containing silica particles with a size of approx. 
5 nm present in the agglomerates of 200 nm and 4 microns, and binders 2 and 3 containing 
particles of polymethacrylate and polyacrylamide butyl of approx. 170 nm size. Binder 1 
shows lower viscosity by three orders of magnitude compared to binders 2 and 3. All tested 
binders are stable at pH above 6. Additionally binder 3 consists of calcium aluminate glasses 
(CAG). The addition of them in the moulding binder results in composite mould with 
enhanced strength. The differences in thermal expansion coefficients of the fibers and the 
mould and the phenomenon of glass fibers solidification [9]may increase porosity and gas 
permeability in the moulds.  
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ABSTRACT 

Mg-based bulk metallic glasses (BMG) exhibit maximum specific strength among bulk 
metallic glass systems. In this study, Mg65Cu25Y10 bulk metallic glass (BMG) was 
synthesized successfully via spray forming with rapid solidification rate and much higher 
cooling rate than conventional routes. The microstructure and constituent composition of the 
Mg65Cu25Y10 BMG were measured by DSC, XRD, and SEM equipped with EDS. All the 
four characteristic temperatures, Tg, Tx, Tm and Tl, of the BMG were obtained from 
continuous-heating DSC. The glass forming ability of the Mg65Cu25Y10 BMG was 
determined. The incubation time of the crystallization of as-injection cast BMG was obtained 
by isothermal DSC, and the appropriate temperature range in supercooled region for plastic 
deformation was determined. 

Keywords: bulk metallic glass, glass forming ability, spray forming, MgCuY. 

 

INTRODUCTION 

Spray-forming is a novel process feasible for fabricating BMGs. It has rapid solidification rate 
and fast cooling rate, while offering an unlimited dimension growth through controlled 
semisolid liquid layer at the growing top surface. In this study, an Mg65Cu25Y10 BMG plate 
was successfully produced. As spray forming began, molten metal was atomized with high 
pressure N2 into droplets and then collected onto a liquid nitrogen forced-cooled copper 
substrate to form a deposit of 300mm in diameter, 10mm in maximum thickness, and 650 g in 
weight. 
 

RESULTS AND CONCLUSIONS 

X-ray diffraction patterns were obtained from various positions (1mm, 5mm, 9mm from free 
surface) of spray-formed plate, compared with that from as-melt-spun ribbon. The 
characteristic amorphous-like broad peaks are shown at angles of 20-40° for all spray-formed 
and melt-spun specimens. The identical XRD results obtained from the three positions also 
demonstrate that the spray-formed plate is completely amorphous. 

DSC traces for the spray-formed plate and melt-spun ribbon at heating rate of 40K/min is 
shown in Fig. 1, in which glass transition temperature (Tg) and crystallization temperature 
(Tx) are marked. Table 1 summarizes the results of DSC.  Based on XRD and DSC, the glass 
forming abilities (GFA) of the spray-forming specimens, γ, are comparable to that of the melt-
spun one.   
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Fig. 1 - DSC traces for the spray-formed plate and melt-spun ribbon at heating rate of 40K/min 

Table 1 - Thermal properties of as-spray-formed deposit and as-melt-spun ribbons obtained from 
DSC at heating rate of 40 K/min (0.67 K/sec) 

 
Tg (K) Tx (K) ∆Tx Tl (K) Trg γ 

As-melt spun ribbons 428 489 61 760 0.563 0.412 

As-spray formed deposit 
(1mm from surface) 

415 486 71 759 0.547 0.414 

As-spray formed deposit 
(5 mm from surface) 

421 491 70 764 0.551 0.414 

As-spray formed deposit 
(9 mm from surface) 

424 493 69 760 0.557 0.416 

Mg65Cu25Y10[5] 425 486 61 771 0.551 0.406 

 
TEM images of the spray-formed plate and melt-spun ribbon were obtained.  Ring patterns 
and non-crystalline images of spray-formed plate from various positions and from melt spun 
ribbon indicate fully amorphous phases for the Mg65Cu25Y10 BMG plate.  
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ABSTRACT 

The study focuses on the failure modes and failure behavior of unidirectional glass fiber 
reinforced polymer (GFRP) composites under the influence of an intentionally induced 
uniform in-plane fiber waviness throughout the thickness of the laminate. A uniform single 
sinusoidal fiber waviness with different level of wave severity (Ws) values were considered 
for the coupon level experimental study. Based on ASTM D6641, a compression experiment 
was conducted on a set of specimens with and without fiber waviness defects. Comparison 
studies with non-defected specimens showed that along with a drastic reduction in 
compressive strength a transition in failure behavior and failure modes were observed with 
increase in fiber wave severity. 

Keywords: GFRP, fiber waviness, compressive strength, wind turbine blade. 

 

INTRODUCTION 

The future of power generation more relies on renewable energy resources for a friendly 
environment and clean energy. Wind power industry is one among them with a promising 
contribution of 10% to 20% towards the future global energy consumption. The 
manufacturing defects found in the wind turbine blades were unavoidable and the increasing 
size of the turbine makes those defects more critical towards the life expectancy of the whole 
turbine unit. Fiber waviness is one of the common manufacturing defect found in the sparcap 
of composite wind blades. Sparcap is the back bone of the wind turbine blades which is made 
up of unidirectional fiber reinforced composites. 

The term fiber wave severity (Ws) is a measure of intensity of the defect introduced by 
(Adams and Hyer 1993) and it is the ratio of the fiber wave amplitude and the wave length. 
Four sets of fiber wave severity were prepared by varying the wave amplitude value with a 
constrained wavelength due to standard specimen size. A static compressive experiment was 
done using Zwich Hydraulic Composite Compression Fixture (HCCF). As per previous study, 
more reduction in compressive strength was observed with 0º ply having fiber waviness 
(Mandell, Samborsky et al. 2003). As for the compression failure mechanism, (Pinho, 
Iannucci et al. 2006), fiber failure reportedly occurred due to the small misalignment of the 
fibers which lead to kink-band formation during the matrix failure. Hence, fiber waviness 
assisted the fiber failure mechanism which led to a visible kink band formation at a lower load 
range compared to an original specimen without any defect. 
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RESULTS AND CONCLUSIONS 

Fig.1 shows the reduction in compressive strength with increase in fiber wave severity (Ws) 
and a failed specimen with an average fiber wave severity 0.025. The kink band formed was 
clearly visible to the naked eye.  

There was a transition in the failure mechanism at the 0.01 wave severity range where both 
crushing and kink band formation failure were observed. 

 

     
Fig. 1 - Compressive test results and the failed specimen 

 

The study shows that through thickness in-plane fiber waviness had an adverse effect on the 
compressive behavior of the unidirectional composite. Further investigations are being 
conducted on the effect of fiber waviness on other mechanical properties of the composites 
including fracture toughness and the flexural properties. 
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ABSTRACT 

This study focuses on the effect of in-plane fiber waviness on fracture toughness and crack 
propagation as determined from the double cantilever beam (DCB) experiment. A through 
thickness in-plane fiber waviness was intentionally induced inside the DCB specimens made 
up of unidirectional E-glass/epoxy. Two variants of wave induced specimens having different 
crack initiation front were prepared along with a set of defect free DCB specimens. For the 
first set of specimens, the crack initiation front was close inside to the fiber waviness area 
([0]6w) and for the second set the crack initiation front was ahead of waviness defect ([0]8w). 
This was to differentiate the effect waviness defect on crack initiation and crack propagation 
respectively. Comparison of the results showed that the fracture toughness and crack 
propagation rate varies based on location of crack initiation front on the wavy fiber area. 

Keywords: glass fiber composite, in-plane waviness, DCB, fracture toughness. 

 

INTRODUCTION 

In wind power industries, most of the turbine blade components are made up of fiber 
reinforced polymer (FRP) composites. For getting maximum output from a single wind 
turbine, the size of the whole wind turbine need to be increased which makes the design of 
blades more demanding, complicated and critical. Although the FRP composites blades have 
good engineering qualities, their service life expectancy which is influenced by the existence 
of manufacturing defects, can be improved. Even a small defect in manufacturing has been 
known to critically affect the operation of blade in service leading to catastrophic failure of 
the whole structure. This paper focuses on the effect of one of the common manufacturing 
defects called in-plane fiber waviness, which can be found throughout the thickness of the 
laminate. 

Double cantilever beam (DCB) testing is widely used for the experimental determination of 
Mode-I fracture energy release rate (GIC). Thus, this method was employed to determine the 
variation in fracture energy release rate and variation in crack propagation due to the presence 
of fiber waviness defects. Four sets of specimens were prepared with and without fiber 
waviness defect ([0]6w, [0]8w and [0]6, [0]8). Standard testing based on ASTM D5528 was 
followed to characterize the fracture properties of double cantilever beam specimens. 
Previous experimental work (Shokrieh, Heidari-Rarani et al. 2012) has shown the 
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delamination resistance to be independent of specimen size and geometry within a specified 
initial crack length to thickness ratio. Hence, the focus of study is on the position of fiber 
waviness defect as shown in fig 1. 

 
Fig.1 - Specimen diagram of [0]8w and [0]6w with fiber waviness 

 

RESULTS AND CONCLUSIONS 

In all the test samples, the response was linear up to the crack initiation point or point of non-
linearity (NL). Due to fiber waviness, a drop in stiffness was observed in the [0]6w specimen 
arm which effected the slope of the � � � curve compared to the [0]6 specimen. But as shown 
in fig 2 (a), no drop in stiffness of the [0]8w specimen arm was observed as compared to the 
[0]8 specimens,. A difference in the crack propagation rate was observed along the transverse 
width plane in the wavy specimens (see fig 2(b)). 

 
Fig. 2 - (a) � � � curve of defected [0]8w and a no defect specimen [0]8, (b) Shape of crack 

front along the fiber waviness area. 

The present study shows that the delamination initiation toughness (GIC-init) for both the 
defective and no defect specimens were nearly same. However, the steady state crack 
propagation energies (GIC-prop) of [0]8w and [0]6w specimens were less than that for the [0]8 and 
[0]6 specimens. 
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ABSTRACT 

In this paper, an exact solution of transient thermo-elastic problem of three dimensional 
circular plate made of functionally graded material is developed. The thermal and mechanical 
loads on upper and lower surfaces are assumed to apply axisymmetric and a simply supported 
boundary conditions on the lateral surface of the plate is considered, where no limiting 
assumption is used. The material properties, except Poisson’s ratio, are assumed to varying 
exponentially across the thickness direction. A full analytical method is used, and an exact 
analytical solution is presented. 

Keywords: functionally graded, thermo-elasticity, circular plate, analytical methods. 

 

INTRODUCTION 

The purpose of this paper is to develop a full analytical method for the thermo-elasticity field 
in the heterogeneous functionally graded circular plate. The properties of the material are 
assumed to be exponential functions of the thickness coordinate z. Using the basic equations 
of axisymmetric problems in thermo-elasticity, the Navier equations are derived and the 
solution of displacement field is proposed based on appropriate Bessel functions. Simply 
supported mechanical boundary condition of the plate together with the equations resulting 
from substitution of displacement field in the Navier equations will determine the Bessel 
function properties in terms of its arguments. Transient thermal boundary conditions are taken 
into consideration and the corresponding time dependant temperature field is obtained, which 
is used as the particular solution of Navier partial differential equations. Also, mechanical 
boundary conditions on the upper and lower surfaces of the plate are used to determine the 
unknown coefficients and consequently complete displacement field as a general solution for 
the Navier equations are obtained. Using the analytical method as well as considering the 
general form of boundary conditions, any combination of thermal and mechanical loads can 
be taken without any limitation. 

 

RESULTS AND CONCLUSIONS 

Four examples considering different combinations of thermal and mechanical loads have been 
solved to highlight the peculiarity of the analytical solution obtained. In one example (case 1), 
a solid circular plate is considered with material properties and boundary conditions shown in 
figure 1, also in another example (case 2) a comparison is made between behaviors of a plate 
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of homogeneous and five different FG materials in terms of displacement and stress 
components. The following results have been presented as samples. 

 
 

Some results are as following graphs: 
 

(case 1) (case 2) 

 

  

Fig. 1 - Some examples considering different combinations of thermal and mechanical loads 

This study shows that: 

- The neutral axis and plane of the FG plate will not fall in the mid-surface, but for 
different thicknesses its location will be the same. 

- Displacements in isotropic materials are more than those of FG plates with same 
boundary condition and loading conditions. 

- There is a zero point for circumferential stress in radial direction which is near the 0.8 of 
the dimensionless radius of the plate. 
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ABSTRACT 

Previous work has shown that electrospun nanofibers can significantly improve the 
interlaminar fracture toughness of fiber reinforced composites. In this work the effect of the 
morphology of the toughening polymer is analysed by incorporating five different 
polycaprolactone (PCL) structures (nanofibers, microfibers, microspheres, dense films and 
PCL spray coated glass fibres) in the interlaminar regions (van der Heijden, 2016).  

Keywords: nano-structures, resin transfer moulding (RTM), delamination. 

 

INTRODUCTION 

Delamination and brittle matrix fracture have long been a problem of fiber reinforced 
composites. The use of electrospun nanofibers has been proposed to toughen composites and 
prevent delaminations (Kim, 1999). Such nanofibers can easily be placed between two 
reinforcing plies prior to composite production and result in a finely distributed second phase 
in the epoxy. Hence, there is no need to disperse them into the resin. With other toughening 
techniques like toughening with phase separations, the final phase separated morphology has 
a major influence on the fracture toughness (Hodgkin, 1998). As such also the morphology of 
the electrospun structure may affect the fracture toughness of nanofiber toughened laminates.  

In the present work we investigate the effect of interleaving different electrospun PCL 
structures (nanofibers, microfibers, microspheres, films and spray coated PCL ) into the resin 
transfer molded glass epoxy laminates to increase their fracture toughness. This is evaluated 
in Mode I and Mode II. The study of PCL is especially relevant since some of the highest 
increases in interlaminar toughness have been obtained using PCL nanofibers (Daelemans, 
2014).  

 

RESULTS AND CONCLUSIONS 

The PCL structures used for composite toughening are shown in figure 1. The effects on the 
toughness when interleaving these morphologies in composites is shown in figure 2. A 
significant increase in the mode II fracture toughness requires porous interleave structures. 
These structures have an intense fine distribution of PCL phases in a surrounding epoxy phase 
allowing for the PCL to strain significantly when the epoxy surrounding is cracked. The use 
of highly porous PCL nanofibers gave the best result. The non-porous structures could not 
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increase the mode II fracture toughness, but did allow for an important increase in Mode I 
fracture toughness. This is however combined with an expected detrimental effect on the 
overall mechanical properties of the composite such as the shear strength, bending stiffness 
and creep resistance of the laminate. In addition, the non-porous structures obstruct optimal 
infusion and are thus not suitable. To improve the interlaminar fracture toughness in both 
Mode I and Mode II without adverse effects, porous PCL structures are much more suitable 
compared to PCL films or spray coated fibers. Nanofiber interleaving structures show the best 
performance. 

 
Fig. 1 - SEM images of different electrospun PCL structures: A, nanofibers 370 nm; B, microfibers..        .            

8.35 µm; C and D, microspheres 1.8µm; E, spray-coated glass fibers; F, film. 
 

 
 

Fig. 2 - Mode I & II fracture toughness of composites interleaved with different electrospun morphologies. 
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ABSTRACT 

This manuscript presents the derivation of a systematic set of equations for the evaluation of 
equivalent plate model of curvilinear stiffened panels. The homogenized properties of the 
stiffened panel are derived by first imposing kinematic equivalence between the stiffener’s 
strains and the strains of the equivalent layer, and then equating the strain energy density 
among the stiffeners and the equivalent layer among the real and the equivalent structure. The 
derivation is based on the first-order transverse-shear deformation theory for anisotropic 
plates (Reissner-Mindlin type). The stiffeners are modelled consistently using the FSDT beam 
theory (Timoshenko). It has been demonstrated that, if the stiffener are curvilinear, the 
derivation can be extended in order to derive the apparent engineering constants of the 
stiffened layer. A comparative study has been performed to evaluate the number of sub-cells 
necessary to approach the asymptotic value of the stiffnesses. The effect of the stiffeners’ 
geometry onto the engineering constant has been investigated. To assess the validity of the 
proposed method, a comparative study of the buckling loads obtained with a 2D shell model 
and those obtained with the equivalent plate/material model is carried out. 

Keywords: anisotropic structures, curvilinear stiffened panel, homogenization theory, 
equivalent properties, buckling loads. 

 

INTRODUCTION 

The ongoing revolution in Computer Aided Design and manufacturing technologies has 
broken down the barriers and paved the way to a variety of innovative solutions such as, but 
not limited to, VAT (Variable Angle Tow) laminates and curvilinear stiffeners (Gürdal, 2008, 
Kapania, 2005). The design space for the aeroelastic tailoring is being significantly enlarged. 
Particularly, the local stiffening effects introduced by these innovative configurations may 
allow unconventional structural coupling and postpone critical aeroelastic phenomena 
otherwise typical of wing with High Aspect Ratio (HAR) (Kapania, 2005, Martins, 2014 and 
Cestino, 2014).  

Homogenizationtheories as well as surrogate models have been widely used in calculating 
effective properties of reinforced shells and plates. Homogenization is particularly useful in 
early stages of building-block analysis for navigating the design space and identifying, at a 
glance, optimal preliminary configurations. The earliest works on equivalent stiffnesses of 
stiffened plates and shells are dated back to the beginning of last century (Huber, 1914) and 
Flugge,1932 respectively. In Smith, 1946,presented an improved formulation, with respect to 
the one of Huber, which accounts for variations in the neutral-surface position associated with 
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local interactions between the skin and the stiffener. A more accurate treatment of shear 
stresses with respect to Huber’s work was presented in Pfluger 1947. In Gomza, 1948, they 
derived the effective plate thickness of stiffened plate. In Benscoter, 1952 they presented an 
equivalent-plate theory, based on first-order difference equations, that includes transverse-
shear deformations. In Dow, 1953 they provide expressions for 12 independent elastic 
constants of isotropic plates with integral stiffeners. The expressions for the elastic constants 
were obtained by identifying the fundamental repeating element of the stiffened plate and then 
replacing each stiffener in the repeating element with a homogeneous orthotropic plate. The 
resulting homogeneous plate is perfectly bonded to the skin plate. The strains in the repeating-
element stiffeners are related to the corresponding plate strains and the strain energy element 
is determined in terms of the equivalent-plate strains. Crawford, 1955 presented a study that 
focused on the torsional stiffness of orthogonally stiffened plates. Between 1955 and 1957, 
Hoppmann and his colleagues conducted experiments to determine the bending and twisting 
stiffnesses of orthogonally stiffened plates. Huffington, 1956 published an analysis for 
determining the equivalent-plate stiffnesses for orthogonally stiffened plates without stiffener 
eccentricity with respect to the plate skin namely, concentric configuration.  

Heki, 1971 derived ey derived the closed form expressions for the stiffnesses associated with 
the homogeneous isotropic stiffeners with negligible in-plane shear stiffnesses.  

In Won, 1990 they presented a set of equations for homogeneous isotropic beam members 
with rectangular cross-sections of equal depth and negligible transverse-shear stiffnesses. The 
expressions given by Won, 1990 are for a pair of oblique stiffener families and include 
higher-order effects associated with the interaction of the plate wall with the stiffeners at the 
stiffener intersections. Pshenichnov,1993 published a monograph dealing with reticulated 
plates and shells, with an emphasis on single-layer plate-like and shell-like lattice structures in 
which the stiffeners are concentric. The equivalent stiffnesses presented are based on a 
classical shell theory and are obtained by using tensor transformations to equate beam strains 
with corresponding shell strains and by equating shell stress resultants with transformed beam 
forces that are uniformly distributed across an equivalent shell wall. Although the analysis is 
based on a classical shell theory, the effects of stiffener bending in the tangent plane is 
included expressing the beam shearing forces that act in the tangent plane in terms of the 
derivatives of the corresponding beam moments. The beam bending strain is obtained in terms 
of the shell tangential displacements and strains by considering deformation associated with 
rotation about the unit vector normal to the middle surface. Although this approach captures 
tangential stiffener bending effects, the effects cannot be represented directly in terms of the 
shell strains and, as a result, do not enter into the equivalent stiffness expressions for plate-
like and shell-like lattices. In Jaunky,1995 a refined smeared-stiffener theory for grid-
stiffened laminated-composite is presented. The refinement presented in their work accounts 
for the variation of the neutral surface caused by interactions between the skin and the 
stiffeners. In Chen, 1996 they presented the equivalent stiffnesses for laminated-composite 
flat plates and circular cylindrical shells stiffened by a grid of beams. In their study, generally 
laminated walls stiffened with ribs, stringers, and a pair of identical diagonal stiffeners with 
an arbitrary orientation angle were considered. Grid-stiffness expressions are given that 
include out-of-plane (transverse) and in-plane shear flexibility of the stiffeners and in-plane 
stiffener bending. In Slinchenko, 2001 they derived the equivalent stiffnesses for 
homogeneous isotropic stiffeners with negligible in-plane shear and torsional stiffnesses. 

Stiffened panels with curvilinear stiffeners, have been firstly introduced by Kapania and co-
workers (Kapania, 2000, Tamijiani, 2009, Mulani 2010) and considered also from other 
researchers (Martins, 2014, Wang, 2015). 
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Tothe authors’ knowledge, none of the works published to date on curvilinear stiffeners 
presents a set of consistent equations that associate the homogenized properties to the 
stiffeners' path. In Nemeth, 2011 a set of consistent equations for equivalent plate model, 
limited to straight stiffeners, oriented with a prescribed angle is given. In this work, we extend 
the derivation to curvilinear concentric stiffeners. The orientation of the stiffeners may vary 
between +45° and -45°, according to the equation given in Wu, 2002 and Wang, 2015. Using 
a homogenization method, based on strain-energy density equivalence, we derive the 
stiffnesses of the equivalent stiffener layer. The homogenization method presented herein is a 
hybridization of the methods used in Nemeth, 2011 to deal with lattice reinforcements. 
Furthermore, we extend the derivation in order to identify the apparent engineering constants 
of the equivalent-stiffener layer. We demonstrate analytically that the equivalent material can 
be found if the stiffeners are curvilinear. We limited the derivation to one family of concentric 
stiffeners rather than two families; this latter configuration is known as lattice structures. 

 

STRUCTURAL MODEL 

Thederivation of the structural model follows the same procedure used by Dow,1953, and 
Nemeth 2011 and Cestino, 2014. The strains of the repeating-element stiffeners are related to 
the corresponding plate strains by imposing the kinematic equivalence. Furthermore, the plate 
stresses' resultants are related to the beam forces and moments. The kinematic and static 
equivalence are referred hereafter as direct compatibility. Following Nemeth, we neglected 
the variation of the stress resultant across the width of the stiffeners. We extended the 
derivation to account for curvilinear stiffeners. 

                      
                  (a)                                                   (b)                                                (c) 

 
Fig. 1 - Stiffened plate top view (a), side view (b) and equivalent plate model (c) 

The direct compatibility is derived for a family of rectilinear and equally spaced stiffeners 
(stiffener’s spacing, ds); the stiffeners are presumed being oriented with an angle ψs with 
respect to the x-axis of the plate. We assumed that the prismatic rectangular stiffeners are in 
the symmetric (or concentric) configuration and perfectly bonded to the isotropic skin panel. 
The material points of the beam are located on the local Cartesian coordinates <1,2,3>, which 
follow the stiffeners orientation as shown in Figure 1(a). The kinematic equivalence is 
obtained based on the presumption that the strains at any point of the stiffener are identical to 
the strains at the corresponding point in the equivalent-stiffener layer. It is also presumed that 
the variation of strains across the width of the equivalent-stiffener layer can be neglected, i.e. 
the bending of the stiffener in the plane parallel to the plate mid-plane is negligible. 
Furthermore, the stiffener contribution to the corresponding overall plate strains is averaged; 
that is, to take into account that the eccentric stiffeners contribute only to half of the shear and 
twisting stiffnesses.  

To establish the static equivalence, the stress resultants of the equivalent plate, expressed in 
the global coordinate system <xyz>, have to be equal to the beam's forces and moments 
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(Thimoshenko’s beam). After some algebraic manipulations omitted for the sake of brevity 
one have1: ����	

 = ���� (���� + �̅���)                                                   (1a) 

�����	

 = ������� ����� + �̅����                                               (1b) 

 ���	

 = ��!̅�� ���� + �"���� �̅���)                                             (1c) 

 ����	

 = ����!̅��� ���� + �#$��� ���                                              (1d) 

%�!��	

 = �&���� ����                                                                (1e) 

The constitutive equations for the stiffeners, in terms of the strain expressed in the equivalent 
plate, can be written as follows:  

' �������( = )**
+���� 0 00 0 00 0 ����-�� ./

/0 '������������ ( + )**
+��!̅�� 0 00 0 00 0 ����!̅-�� ./

/0 '���������(                            (2a) 

'  � � ��( = )**
+��!̅�� 0 00 0 00 0 ����!̅-�� ./

/0 '������������ ( + 1
�"��� 0 00 0 00 0 �#�-��

2 '���������(                                  (2b) 

3%�!%�!4 = 50 00 �&��-�� 6 7��!��!8                                                            (2c) 

Finally, performing the rotation to align the beam’s reference system <123> to the plate 
reference system <xyz> one can obtain the expressions of the stiffness matrices of the usual 
Reissner-Mindlin plate. In the plate reference system the equivalent stiffener layer, results in a 
completely anisotropic material. The explicit expressions of the stiffnesses associated to the 
stiffener layer are reported in Eq. (3). 
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1 The complete derivation for the equations in (1) is given in Nemeth, 2011 
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where     s s s
y y

s

G
k

E
τ =  , <!� = �!� ���� are the in-plane and transverse shear-deformation parameters, 

s

yk  and �!�  are the in-plane and transverse shear correction factor, Es is the Young’s Modulus 

of the stiffener, bs and ds are the stiffeners width and spacing respectively. It should be noted 
that the resulting matrix %9 for the straight stiffener is singular; particularly, from the equation 
in (2) is worth nothing that, the rank is 2. If one aim to derive the equivalent properties of the 
UD material, one have:  
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Let us consider a family of curvilinear stiffener. The local orientation of the stiffeners is 
presumed to vary linearly according to equation proposed by (Wu, 2002 and Wang, 2015), 
that is: E(F) = EG + EGHEIJ F where b is the panel length, x is the local abscissa and ψ1, ψ2, are 
the local orientation at x=0 and x=b respectively. The stiffeners path is therefore: 
dx/dy=tan(ψ). We let the orientation vary between -45° and +45°. Once the geometry of one 
stiffener is defined, the stiffened panel is obtained translating the stiffeners along the y-
direction. It is worth nothing that, if the stiffeners are curvilinear this implies that the 
stiffeners spacing, measured orthogonally to the stiffeners’ curve changes. 

The homogenized properties are obtained equating the strain energy density between the 
stiffened plate and a basic repetitive cell. The criterion to select the basic repetitive cell is 
such that, simple translations of the cell over the plate mid-plane and along the y-axis, without 
overlapping, will generate the stiffened structure. Each cell contains one beam member. In 
order to follow the stiffener’s path, the basic repetitive cell is defined as the union of sub-
cells. Each sub-cell has two sides parallel to the average local orientation of the stiffeners 
while, the other two sides are parallel to the y-axis (Figure 2). The basic sub-cell is small 
enough such that the strain-energy density within the sub-cell can be approximated by a 
constant value. Within the sub-cell, the local orientation we considered is the average value of 
the stiffener orientation, that is AK = LMNLO� . It follows that, within the sub-cell we neglected 
the effect of the curvature of the beam. This hypothesis holds if the dimensions of the sub-cell 
are negligible with respect to the curvature of the stiffeners. 

 
                   (a)                                                                            (b) 

Fig. 2 - Example of basic repetitive cell (a) and detail of the sub-cell (b) for the curvilinear stiffened panel 
 
The direct compatibility leads to the expression of the pointwise reduced stiffness matrix of 
the equivalent layer, reported in the equations (3) noting that, in this case, ψ varies along the x 
direction. The averaged strain-energy density PQ (energy per sub-cell area) is defined as 
follows: 
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PQ = R�∑ T∑ �U�VUWM X YZ[	Y	�]U^U∑ �VUWM U _ = R�	̀aR X YZb	Y=�c��                     (5a) 

=d = è 	fgh	A(id)                                                    (5b) 

 
where j is the beam’s constitutive matrix, n is the number of stiffeners, sc is the number of 
sub-cells, � is the vector of the beam’s strain components expressed in terms of the plate 
strain components (in the global reference system <xyz>), Aj is the area of the sub-cell, Lj is 
the sub-cell length, dj=a/n cos ψ(xj). On the right end of equation (3), Q is the equivalent layer 
reduced stiffness matrix, function of the apparent engineering constants, hs is the equivalent 
layer thickness, a and b are the length and width of the panel. 

A parametric study has been performed to evaluate the convergence of the stiffness 
coefficients with respect of the number/dimension of the sub-cell. Particularly, we focused on 
the variation of the bending stiffness coefficients Dij. In Figure 3, are reported the normalized 
bending coefficient (=	d = k	d/km	d) with respect to the number of sub-cell, where km	dis the 
asymptotic value of the corresponding coefficient. It must be clear that the bending 
coefficients reported are referred only to the equivalent stiffener layer.  In Figure 3 (a) we 
show the convergence for a family of curvilinear stiffener with ψ1=45° and ψ2=-45° while, in 
Figure 3 (b) we considered ψ1=0° and ψ2=45°. It is worth nothing that, in the first case, the 
convergence to the asymptotic value of the bending coefficients is slower, i.e. the number of 
sub-cells necessary to approach the asymptotic value is higher. This is a direct consequence of 
the stiffener’s curvature; i.e. the higher the curvature the higher the number of sub-cells 
required to approximate correctly the bending stiffness. This result applies also on the 
membrane stiffness and the coupling matrix. 

      
(a)                                                                                          (b) 

Fig. 3 - Effect of the number of the number of sub-cells on the normalized bending coefficient =	d  respectively 

for: (a) stiffened panel with ψ1=45 ψ2-45 and (b) stiffened panel with ψ1=0, ψ2=45. The bending coefficients k	d  are normalized with their respective asymptotic value kQ	d obtained with 100-sub-cells 

In Figure 4, we report the pointwise (solid line) and homogenized (dashed line) coefficients of 
the reduced stiffness matrix Qij, for the panel with ψ1=45° and ψ2=-45°. The curves reported 
in Figure 4 are normalized with respect to the maximum of the Q11 coefficient. It should be 
noted that, since ψ2=-ψ1, the homogenized properties are such that Q16 and Q26 are both zero. 
That is, the resulting layer is an equivalent orthotropic layer while, in the most general case 
where A� n �AR, the resulting layer is a 2D anisotropic layer. The expression of the 
stiffnesses of the equivalent layer are those reported in the equations (3).  

To the authors' knowledge, none of the previous works presented in literature have extended 
the derivation to identify the apparent engineering constants of the equivalent stiffener layer. 
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During the early stages of design, reduced order models, such as beam and plate, are usually 
preferred to cumbersome FE computation. These models allow a first cut among all the 
possible solutions and can faithfully represent the behavior of the structure in terms of global 
responses (deformation, natural frequencies, etc.). Being understood that commercial FE 
codes allow introducing the values of the reduced stiffness matrix, it could be useful to extend 
the derivation and identify the equivalent stiffener material, thus the apparent engineering 
constants, that can be used directly in the analysis. It must be noted that, for straight stiffeners 
the stiffness (hence flexibility) matrix is singular, particularly it has rank 2 It follows that, for 
the straight stiffeners, is not possible to further extend the derivation for the equivalent 
stiffeners layer. Despite the stiffness matrix, in the local reference, is still singular, it can be 
proven, invoking the rank subadditivity properties, that the stiffness matrix of the equivalent 
stiffener layer has rank maximum if the stiffener is curvilinear. The rank subadditivity 
properties states, in fact, that:  opq� rst	u ≤s opq�(t	)	  

Furthermore, by definition, opq�	(t	) = wxq(w, q), that is: opq� rsz{u ≤s opq�(z	)	 ≤ min(w, q) = opq�	wpi = w 

We aim to prove that, if the stiffeners are curvilinear, the rank of the matrix is maximum, i.e. 
rank (q)=m. 

Proof (by contraposition) 

Let us suppose that exists an angle of orientation A�, with A�, AR ∊ ~, A� n AR 
such that dim(Q) = dim (q1+q2) is not maximum, i.e.  det(Q) = 0.  

Recalling that: z	 = �L�� z��L� 
where r is the rotation of the stiffness tensor z�2. The rotation is an affine 
transformation, i.e. the rank is preserved. Now considering the transformation given 
above and performing the summation, we can obtain the matrix Q. By imposing 
that =��	(%) = 0, the only real solution that exists, with multiplicity of two, is 

sinAR = sinA� cosARcosA�  

That can be written as tanA� =tanAR, that is A� = ARwhich neglect our initial 
hypothesis.  

 

Considering that the rank is maximum, is it possible to invert the stiffness (compliance) 
matrix and evaluate the apparent engineering constants of the equivalent stiffener layer.  

We performed a parametric analysis to investigate the effect of the stiffeners’ orientations 
onto the apparent engineering constants namely: extensional moduli (Ex, Ey), shear moduli 

                                                 
2 The general form of the stiffness matrix for the stiffener is: 

t� = �p 0 00 0 00 0 ;� 
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(Gxy, Gxz, Gyz), Poisson’s ratio (νxy, νyx), coefficients of mutual influence of the first and 
second kind, also known as shear-extension coupling coefficients (ηxy,x, ηxy,y) and Chentsov’s 
coefficients (µ). Since the plate is in the concentric (thus symmetric) configuration, it is also 
possible to derive the apparent engineering constants of the whole laminate; i.e. skin and 
stiffeners. In this latter case, it is possible to extend the comparison to straight stiffeners. In 
Figure 5, we report the apparent engineering constants with respect to the angles ψ1 (x=0), ψ2 

(x=b).  

 

 
Fig. 4 - Normalized stiffness coefficients t�	d = t	d/max	(tRR)	with respect to the non-dimensional abscissa i� = i/; for a rectangular plate with ψ1=45, ψ2 -45. The solid line is the pointwise stiffness value while the 

dashed line represents the homogenized value. It is worth noting the maximum value of the q11 corresponds to 
the minimum value of the stiffener’s orientation. 

 

From Figure 5 follows that the maximum longitudinal modulus can be achieved if the 
stiffener are straight and aligned with the x-axis. At this configuration corresponds the 
maximum of the modulus Gxz while, the other apparent engineering constants are minimum 
(Ey, Gxy, Gyz, νxy, νyx) or zero. The maximum shear-extension coupling can be obtained for 
straight stiffeners with orientation ψ=-35° and ψ=-45° respectively for the first and second 
kind coefficients. The maximum shear-shear coupling is given for straight stiffeners with 
ψ=45°. The maximum of the Poisson’s ratio ν21 is at ψ=25°, also in this case A� = AR. 
 

FINITE ELEMENT VALIDATION 

In order to validate the procedures outlined in the previous section, we performed the 
buckling load analysis of a simply supported square panel (50x50 mm). The assessment is 
performed using two benchmark problems defined in this work. We considered first, the 
stiffened panel made with a family of straight stiffeners oriented at 45°, Figure 6(a); the 
second reference model is a stiffened panel made with curvilinear stiffeners with the 
following orientation: ψ1=45 ψ2=-45, Figure 6(b). 
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Both the stiffeners and plate, are made by Aluminum (E=58000, ν=0.33). The panel thickness 
is 2 mm. With reference to Fig. 1 (b), the stiffeners have a rectangular cross section with 
bs=3mm and hs=1mm. It should be noted that we are consistent with the thin-wall hypothesis, 
that is ht/b≈12, where ht=4mm is the total thickness of the stiffened plate. Nonetheless, in the 
following, we considered also the effect of the transverse shear. 
 

 

 

 

Fig. 5 - Apparent engineering constants as a function of the stiffeners orientation 



Topic-D: Composite and Advanced Materials 
 
 

-562- 

The benchmark models, henceforth referred as "FE-Shell" are the reference solutions, 
respectively for the straight, Figure 6 (a), and curvilinear stiffeners, Figure 6 (b). The panels 
are subjected to uniaxial compressive load, Nx. The analysis has been performed using MSC 
Patran/Nastran. A small difference, in the resulting buckling load, can be noted in Table 1 if 
the load is distributed only on the edges of the skin panel (mode a) or also onto the stiffeners 
(mode b). The latter case is closer to the equivalent model that we want to validate. That is 
because the edge load is applied to the plate middle-surface. It should be noted that, for the 
straight stiffeners, the difference in the resulting buckling load is higher. That is because, 
when the stiffeners' orientation is such that ψ2n-ψ1, we have also a bending-torsion coupling. 
In Figure 7 are reported the first critical load values and mode shapes for the two panels 
considered as benchmark. 

 

 
 

Fig. 6 - FE-Shell  model adopted for the present analysis: (a) straight stiffeners oriented at ψ=45° and (b) 
curvilinear stiffeners configuration with ψ1=45° and ψ2=-45° 

 
 

Table 1 - Buckling load for the benchmark problems with mode (a) and mode (b) 

Model 
Buckling load, (mode a) 

[N/mm] 
Buckling load, (mode b) 

[N/mm] 

Straight 1299 1306 

Curved 1242 1241 

 

 

 

                                           (a)                                                        (b)  

 
                                           (c)                                                        (d)  

 
Fig. 7 - First buckling mode  for the straight stiffeners oriented at 45°(a,b), and (c,d) the curvilinear stiffeners 

ψ1=45° and ψ2=-45°. Load applied only to the skin (a) and (c), load applied to the skin and stiffeners (b) and (d) 
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The first equivalent model analyzed is the “EL-UD”, which stand for Equivalent Layer Uni-
Directional. The resulting plate has three layers as shown in Figure 1(c). The apparent 
engineering constants can be evaluated using the equations in (4). The buckling load and the 
corresponding error with respect to the FEM-Shell model are reported in Table 2. The 
comparison is made with respect to both cases, i.e. load applied to the central skin (mode a) 
and to the whole stiffened panel. The error in both cases is less than 1%. Particularly, if the 
load is applied also the stiffeners, the discrepancy between the equivalent and the FE-Shell 
model is lower as we were expecting; that is because, for the equivalent model, the edge load 
is applied to the plate middle-surface. 
 

Table 2 - Buckling load of the equivalent model and relative percentage error for the cases with 
load applied also to the stiffeners (or only to the skin of the stiffened panel) 

Model 
Buckling load 

[N/mm] 
ErrR% 

EL-UD  1310 0,3 (0,8) 

 
 
 

 
Fig. 8 - First buckling mode for the straight stiffeners oriented at 45°, EL-UD model 

 
For the curvilinear stiffeners one might use two different approaches; (1) consider the 
properties of the equivalent unidirectional layer as in Cestino, 2014 and then rotate them 
according to the local orientation of the stiffener; (2) consider the homogenized properties. 
The approach described in (1) is the same used for the straight stiffeners, hence the EL-UD 
while, the approach in (2) is the 2D-AN-EM which stands for 2D Anisotropic Equivalent 
Material. 
The EL-UD is a piecewise equivalent-layer model of the stiffeners for the family of 
curvilinear stiffeners. Along the x direction, we defined different properties for the 
equivalent-stiffeners layer according to the local orientation of the stiffeners. Particularly, we 
defined 5 and 10 properties. It is important notice that along the x direction the properties 
change because the stiffeners’ orientation changes. The apparent engineering constants can be 
evaluated using the equations in (4) and taking into account that the stiffeners spacing, 
measured orthogonally to the stiffeners' curve, varies along the x-direction if the stiffeners are 
curvilinear. That is because the stiffened panel is obtained by translating the stiffener along 
the y-axis. It is worth noting that, the lengthwise properties are useful for the curvilinear 
stiffeners while useless for the straight stiffeners since, in this latter case, the properties are 
constant along the x direction. The different UD material properties, as well as the orientation 
angles are reported in Tables 3. For the sake of brevity we report, in Table 3 only the 
properties for the case with 5 subdivisions. 
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Table 3 - UD’s properties for 5 subdivisions 

Cell center position [mm]  5 15 25 35 45 

ϑs [deg] 36 18 0 -18 -36 

ds [mm] 8,09 9,51 10 9,51 8,09 

E11 [MPa] 21507,58 18295,44 17400 18295,44 21507,58 

E22 [MPa] 0 0 0 0 0 

G12 [MPa] 1684,49 1432,91 1362,78 1432,91 1684,49 

G13 [MPa] 8676,25 7380,46 7019,23 7380,46 8676,25 

G23 [MPa] 0 0 0 0 0 

ν12 0 0 0 0 0 

 

 
Fig. 9 - Pointwise (solid line) and local value (red markers) of the bending stiffness coefficient Dij for the 

curvilinear stiffened panel (ψ1=45° and ψ2=-45°).  The markers are referred to the total bending coefficient 
obtained with the UD material listed in Table 3. 

 
The second model considered is the homogenized model, namely "2D-AN-EM". In this case, 
the properties are homogenized following the procedure described in the previous section. It 
is worth nothing that, the homogenized properties of the equivalent-stiffeners layer can be 
obtained only if the stiffeners are curvilinear, as demonstrated in the previous section, unless 
one consider the whole laminate that is because of the rank of the matrix that has to be 
maximum. The mechanical properties of the resulting homogenized material, obtained using 
100 sub-cells, are reported in Table 4. It should be noted that, since the orientation are ψ1=45°, 

ψ2=-45° the coefficients of mutual influence and the Chentsov’s coefficients are both zero. The 
buckling loads for the different models discussed above are reported in Table 4. The 
comparison is made with respect to the “FE-Shell” model with the load distributed also to the 
stiffeners (mode b). It should be noted as, with the increasing in the number of sub-cells the 
buckling load of the equivalent model converges to those of the reference model.  
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Table 4 - Homogenized apparent engineering constants of the equivalent stiffeners 
layer, for curvilinear stiffeners with ψ1=45°, ψ2=-45°. 

Ex  [MPa] 12318 

Ey[MPa] 1833 

νxy 0.602 

Gxy [MPa] 3322 

Gxz [MPa] 4907 

Gyz [MPa] 1209 

 
 

Table 5 - First Buckling load and percent relative error for the different models, 
curvilinear stiffener with ψ1=45°, ψ2=-45°. 

Model Buckling load [N/mm] ErrR% 

EL-UD (5 prop.) 1284 3,03 

EL-UD (10 prop.) 1210 2,05 

2D-AN-EM 1253 0,08 

 

LIMITATIONS 

This work presents the following potential source of error/limitations: (a) aeronautic panels 
are usually in the eccentric configuration rather than the concentric configuration considered 
herein; (b) typically, the stiffener’s height to the plate’s width ratio is ≈ 1/20 thus, higher than 
those considered in this work; (c) the effect of the twisting stiffness given by the presence of 
the stiffener has to be considered. 

 

CONCLUSIONS 

Two equivalent models for the analysis of stiffened panels have been presented in this work. 
Both, straight and curvilinear stiffeners, in the concentric configuration, have been 
considered. 

 

The derivation follows the procedure given in Nemeth, 2011. A homogenized method, based 
on the strain-energy density equivalence among the real and the equivalent structure has been 
used to derive the equation of the stiffnesses of the equivalent layer. 

A parametric study has been performed to highlight the effect of the sub-cells dimension onto 
the equivalent stiffnesses. It has been shown that, the higher the curvature the higher the 
number of sub-cells required approaching the asymptotic value of the stiffnesses.  

The formulation has been extended up to the derivation of the apparent engineering constants. 
It has been proven analytically that, for a single family of stiffeners, the equivalent material 
can be derived only if the stiffeners are in the curvilinear configuration. Contrary, the 
apparent engineering constants can be derived also for the straight stiffeners if one consider 
the whole laminate. A parametric study has been performed to show the effect of the 
stiffeners’ geometry onto the apparent engineering constants. The parametric study aims to 
shed a light onto the possible couplings that may arise with the proper selection of the 
stiffeners geometry. 
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Finally, two benchmark problems have been considered to assess the validity of the procedure 
proposed in evaluating the equivalent stiffnesses. The comparison has been made considering 
the buckling loads of a simply supported stiffened square panel. In both cases, one family of 
stiffeners has been considered. A good agreement between the complete model (skin plate and 
stiffeners) and the equivalent model have been obtained for both the configurations 
considered namely, straight and curvilinear stiffeners. 
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APPENDIX A 

APPARENT ENGINEERING CONSTANTS 

The engineering constants are behavioural constants with obvious physical interpretation. For 
this reason, it is a common practice derive these values instead of dealing with the compliance 
or stiffness matrices. The derivation can be performed regardless starting from the stiffness or 
from the compliance matrix even though, the derivation from the compliance, is more 
immediate. Provided the matrices have full rank, the engineering constant are given as 
follows: 

:R = 1�RR = ∆%��� � %��%�� = :� 

:� = 1��� = ∆%R�� � %RR%�� = :� 

�R� = 1��� = ∆%R�� � %RR%�� = ��� 

�R� = �:R��R = �%R�%�� � %R�%��%��� � %��%�� = ��� 

��R = �:��R� = �%R�%�� � %R�%��%R�� � %RR%�� = ��� 

�R�,R = ��R��R� = %��%�� � %R�%��%R�� � %RR%�� = ���,� 

�R�,� = ��R���� = %RR%�� � %R�%��%R�� � %RR%�� = ���,� 

where   ∆= �(%��%R�� � 2%R�%R�%�� + %��%R�� + %RR%��� �%RR%��%��) ��� = 1�-- = ∆�%�OO = ��! �R� = 1�BB = ∆�%�MM = ��! �R�,�� = ��R��-B = %�MO%�MM = ��!,�! 
where  ∆Z= bZGGbZII � bZGII  
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ABSTRACT 

The presented work aims to establish a numerical material model to predict the mechanical 
behaviour of polymeric bead foam under mechanical loading. Special attention is paid to the 
influence of different temperatures, the microscopic cell structure and the occurrence of 
plasticity. In order to fulfil these tasks, a set of experimental and morphological analyses 
concerning the structural behaviour under loading was performed. To simulate the structural 
behaviour of the foam under mechanical loading, RVEs were built up. CT-scans of the 
unloaded foam were performed in order to model the architecture of the cellular structure 
taking into account the above mentioned effects.  

Keywords: bead foam, micro structure, representative volume element. 

 

INTRODUCTION 

Polymeric bead foams are used in a wide range of different industrial sectors like packaging, 
automotive and sport articles [Bürkle, 2016]. Thanks to their unique combination of low 
density, high insulation capability, outstanding damping behaviour as well as high flexibility 
in forming, their potential for further applications is far from being exhausted. In contrast to 
these advantages, some properties like poor surface quality and low mechanical performance 
limit the usage of bead foams for structural components. A promising strategy to address this 
problem is the development of hybrid materials, e.g. by combining the bead foam process 
with overmoulding. In order to realise this, basic knowledge about the mechanical behaviour 
of bead foam materials is required. Especially the compression loads generated during 
manufacturing are to be compared to the deformation behaviour of the foam. While the 
processing conditions of bead foam materials have been widely analysed [Raps, 2015], only 
few published work on the mechanical properties is known, e.g. [Bouix, 2009], which 
becomes relevant when the material is used in structural applications. Compared to other 
foam materials, e.g. polyurethane [Weißenborn, 2016], an urgent need for profound 
investigations focussing on the failure behaviour of bead foams and material modelling in 
general exists.  

 

MECHANICAL CHARACTERISATION 

The work presented in this contribution comprises the mechanical testing of expanded 
polypropylene (EPP) specimens in both, tension and compression, analyses of the 
microscopic morphology, and finally the implementation and validation of a material model 
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being based on the experimental results. To take care of the foam specific cell structure which 
is composed of single beads with diameters of up to 3 mm, a novel cylindrical specimen 
geometry with a diameter of 31 mm was developed for the tensile tests which were performed 
on a Zwick 1475. Compression tests were performed according to DIN EN ISO 844 on a 
Zwick Z250 testing machine. All specimens were manufactured with a nominal density of 
60 g/l and cut to dimensions using a hot-wire foam cutter.  

Fig. 1 (left) shows the non-linear tensile behaviour of the EPP foam at room temperature. The 
elongation at break is between 8 and 11 %. The strength is limited to 0.9 MPa. In Fig. 1 
(right) the results of the 4 series of compression tests are shown. The temperature was varied 
between 23 °C and 135 °C in order to analyse process relevant conditions during a theoretical 
overmoulding. As can be seen the characteristic stays the same for all test temperatures. 
Starting with a small linear-elastic deformation the foam reveals a plateau-like behaviour over 
a wide range of deformation from 2 to 75 % of strain. After this phase of energy absorption 
the material seems to get compacted and the measured stress values increase progressively.  

 

 
Fig. 1 - Tensile (left) and compressive (right) test data of EPP material with a density of 60 g/l 

 

After compression testing the permanent deformation was analysed by measuring the 
specimen height. Table 1 gives an overview of the subsequently calculated fraction of 
plasticity. As can be seen, an increasing temperature results in a more pronounced compaction 
of the bead foam.  

 

Table 1 - Results of plasticity analyses after compression testing 

Test temperature 
/°C 

Avergae specimen 
height before /mm 

Avergae specimen 
height after /mm 

Fraction of 
plasticity /% 

23 °C 50.28 39.03 22 

60 °C 50.68 34.85 31 

95 °C 50.41 20.59 59 

135 °C 51.01 11.72 77 

 
MORPHOLOGICAL ANALYSES 

In order to gain improved knowledge about the deformation behaviour, micro-sections of the 
EPP specimens formerly tested in compression were prepared. Specimens deformed at 23 °C 
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and 135 °C, respectively, are depicted in Fig. 2 (the view is perpendicular to the testing 
direction). In some areas of the 135 °C specimen the pores seem to be completely fused and to 
form a compact material again. The 23 °C specimen on the other hand does not show any 
preferred direction or noticeable defects.  

    

Fig. 2 - Bead foam micro-sections - left: cell structure of an EPP specimen tested at 23 °C; right: plastically 
deformed cell structure of an EPP specimen tested at 135 °C in compression mode 

 

As the foam micro structure is expected to have significant impact on the mechanical 
behaviour further morphological analyses were necessary to assess the geometrical properties 
in more detail. Computer tomography (CT) scans were performed on cubic EPP specimens 
with an edge length of 8 mm. For post-processing the data VGSTUDIO MAX 3.0 from Volume 
Graphics GmbH was used, see figure 3.  

 

 

Fig. 3 - CT data post-processed with VGSTUDIO MAX 3.0 - left: cell structure of an EPP specimen tested at 
23 °C; right: permanently deformed structure of an EPP specimen tested at 135 °C; specimen edge length: 8 mm 
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The detected pores were evaluated with Foam Structure Analysis module according to the key 
characteristics: size, wall thickness and compactness, being defined as the ratio between the 
cell volume and the volume of the circumscribed sphere. Average values of different 
specimens are shown in Table 2. As expected it can be seen that the cell size is decreasing 
with rising test temperature. A similar effect can be observed for the compactness, while the 
average wall thickness does not show any particular tendency. Hence, the deformation 
phenomena correspond to a folding or buckling mechanism of the foam micro structure.  

 

Table 2 - Results of CT post-processing analysis of compression specimens 

Test temperature 
/°C 

Average cell size 
after testing /mm³ 

Compactness after 
testing 

Average wall thickness 
after testing /mm 

Not tested 0.0033 0.270 0.027 

23 °C 0.0026 0.253 0.029 

60 °C 0.0025 0.236 0.027 

95 °C 0.0024 0.222 0.028 

135 °C 0.0014 0.208 0.032 

 

NUMERICAL MODELLING OF MICRO FOAM STRUCTURE 

In order to reproduce the mechanical behaviour of the EPP material a representative volume 
element (RVE) was modelled according to the previously described CT data using the 
software DIGIMAT 2016.1. Required material input information is the density, the wall 
thickness and the particle size. As a first approximation the pores were modelled as 
icosahedrons being the basic geometry. The dimensions of the representative volume element 
were 1x1x1 mm³. Consequently, the chosen cell size is somewhat larger than originally 
measured; Fig. 4 (left) which will be adjusted in further investigations. 

The closed cell material was modelled by defining the coating material as polypropylene 
having elasto-plastic properties. The pores and the inter-bead gaps were defined as air and 
excluded from mesh generation with 2-D shell elements (type: S3 and S4).  

 

         
Fig. 4 - numerical testing of a RVE - left: deformation during virtual compression; right: stress-strain diagram, 

comparison between experiment and FEM 
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Using the 2-D elements, it is possible to vary the wall thickness of the cell walls. By this the 
different foam densities can be investigated numerically using only one RVE. The faces in 
contact with the foam were defined as rigid bodies and a friction coefficient of 0.1. For 
evaluation the reaction force of a master node being situated in the upper surface was used. 
Compared to the test data, the described approach allows a realistic replication of the complex 
compression deformation behaviour, see Fig. 4 (right).  

For the numerical structure analysis of macroscopic components, the material properties 
obtained experimentally were used for the ABAQUS 2017 material model LOW DENSITY 
FOAM. The modelling effort could be significantly reduced, since the modelling of the 
complex inner material structure can be omitted. In order to validate the material model the 
real compression test was analysed numerically using continuum elements (type: C3D8I), see 
Fig. 5 (left). The virtual test was conducted without any contact conditions and with 
deformation control. A master node was connected kinematically to an additional node and 
used for reaction force evaluation. The comparison of experimental and numerical results 
shows that qualitative and quantitative agreement can be achieved, Fig. 5 (right).  

 

                   

Fig. 5 - Numerical investigation of the pressure test - left: virtual compression test; right: comparison of real and 
virtual test data in compression mode 

 
RESULTS AND CONCLUSIONS 

Bead foam materials like EPP exhibit extraordinary properties, like an extreme low density 
and high flexibility in processing. These are to date not fully exploited for structural 
applications. In combination with other materials and processes, e.g. injection moulding, bead 
foams can potentially be used for novel high performance lightweight solutions. In order to 
realise this, basic knowledge about the mechanical properties is required. The work presented 
in this paper aims to develop a modelling methodology which efficiently predicts the 
deformation behaviour of EPP foam for different kinds of mechanical loading. After 
performing basic material tests in tension and compression mode, morphological analyses of 
the specimens were conducted. The material micro structure, defined by pore size, cellular 
structure and cell wall thickness was used for setting up a RVE. This micro model was 
employed to analyse the compression deformation behaviour of the foam. Subsequently the 
macroscopic compression test was reproduced with continuum elements using a suitable 
material model. It was shown that the complex behaviour can be correctly simulated without 
considering the complex material structure.  

In sum the results show that an efficient modelling of the complex foam behaviour is possible. 
Future work will focus on the influence of the statistical pore size distribution, strain rates and 
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test temperature on the deformation behaviour. For this virtual testing will play a major role in 
order to reduce the experimental effort.  
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ABSTRACT 

The present work investigates the ablative and thermal properties of phenol formaldehyde glass-
fabrics laminates filled with mixtures of corundum Al2O3 and carbon C powders. The laminates 
specimens of dimensions 10x25x35 mm were treated with hot combustion gases having  
a temperature of more than 2800ºC. The carbonization of the thermosetting matrix was observed. 
Statistical methods for planning experiments were used, and the effect of components on the 
average rate of ablation, the maximum back side temperature of specimen and the average mass 
waste under intensive heat flow after 30 s of treatment with hot combustion gases was established. 

Keywords: ablative shields and coats, thermosetting glass laminates, high-melting fillers. 

 

INTRODUCTION 

The use of modified plastics as ablative materials protecting against excessive temperature 
increase was connected with the middle of  XX century, directly with arms industry as well as 
aeronautical, rocket and space techniques (Soutis, 2005). These materials can also be used in 
the design of passive fire-proof protections for large cubature supporting elements in building 
structures (NIST NCSTAR 1, 2005), communication tunnels (Ono, 2006) and for the 
protection of data stored in electronic, optical and magnetic carriers (Kucharczyk, 2007). 
Despite many years of experience with ablative materials, the relationship between the phases 
type and composition with ablative properties, within the context of others operational 
properties of the composites used as thermal protection shields, remains still not evaluated 
qualitatively and quantitatively (Bahramian, 2013; Kucharczyk, 2007; Soutis, 2005). 
 
RESULTS AND CONCLUSIONS 

The following materials (input variables xi) have been used to prepare the specimens of 
thermosetting glass laminates with powder fillers: two kinds of phenol formaldehyde resins 
(liquid and adhesive resin) for matrix; glass-fabric (250 g/m2) as fibre reinforcement; as well as 
powder fillers, corundum Al2O3 with grains of 2 to 5µm with the minimal contents of aluminium 
oxide of 99.5% (95% α Al2O3) and fine grain carbon powder C of 5 µm and purity of 
98%.The so-called “ablative gun” (Song, 2003) of our own construction (Kucharczyk, 2007) 
has been used for the classical ablative properties tests. The specimens (10x25x35 mm cubes) 
were treated of oxy-acetylene mixture of hot combustion gases having a temperature of more 
than 2800ºC during 30 seconds. The registration of the back side temperature (ts) of specimen 
have been performed. Furthermore, the average rate of ablation (va) and the average ablation 
mass waste of laminates (Ua) has been also evaluated. There are three output variables, 
components of the response function (Table 1). 
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Table 1 - The results of ablation (thermal protective) tests 

 Number of test 

Parameter 1 2 3 4 5 6 7 8 
Matrix (x1) [%] 24 30 24 30 24 30 24 30 

Fibreglass fabric (x2) [%] 18 18 25 25 13 13 19 19 

Powder fillers (x2) [%] 
Al2O3 11,6 10,4 10,2 9,0 50,4 45,6 45,6 40,8 

C 46,4 41,6 40,8 36,0 12,6 11,4 11,4 10,2 
va [µm/s] 121 158 125 128 130 166 157 172 
ts_max [ºC] 56,8 50,1 40,7 37,7 57,3 41,0 50,7 60,6 
Ua [%] 10,8 11,0 9,6 8,3 6,9 5,9 6,7 7,3 

The evaluation of ablative thermal protection properties of thermosetting glass laminates were 
carried out on the basis on a first order 23 statistical experimental research program. The 
regression coefficients of all function components have been calculated. The statistical 
analysis of the tests results allowed the determination of the threshold relevance of the 
regression coefficients bi and estimation of their effect on the thermal protection properties. 
Moreover, the variance )ys( , error of regression coefficients s(bi) and their level of statistical 
significance bsign have been determined on the basis of t-Student distribution. (Table 2) 
(Montgomery, 2009). 

Table 2 - Statistics of coefficients the equations of the response variable 

Function yi b0 b1 b2 b3 b12 b13 b23 b123 s(y) s(bi) bsign 
va [µm/s] 144,5 11,4 - 11,5 -6,9 - 7,5 - 6,9 2,4 5,6 
ts_max [ºC] 49,3 -2,02 -1,93 3,06 3,74 - 5,19 2,82 2,41 0,85 1,96 
Ua [%] 8,29 -0,17 -0,34 -1,61 - 0,09 0,63 0,39 0,19 0,07 0,16 

Equations   yi(x1, x2, x3) = (b0 + b1x1 + b2x2 + b3 x3 + b12 x1x2 + b13 x1x3 + b23 x2x3 + b123 x1x2x3) ± )ys(  

The aim of the experiment was to find such a composite whose values of the average ablation  
rate va, the maximum back side temperature ts_max and the average mass waste Ua are the lowest. 
These conditions have been fairly met by specimen 4 whose phase composition consists of 30% 
matrix, 25% fibre glass fabric reinforcement, 9% corundum Al2O3, and 36% carbon powder C. 
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ABSTRACT 

In this work, Carbon Fabric Reinforced Plastics (CFRPs) with Polyaniline (PANI)-based 
matrix were prepared and their conductivity through thickness direction was controlled by 
controlling the inherent de-doping phenomenon of PANI. PANI was doped with a strong 
protonic acid, dodecylbenzenesulfonic acid (DBSA) and mixed with a cross-linking polymer, 
divinylbenzene (DVB). This mixture was further used to impregnate the carbon fabric layers 
to prepare conductive PANI-based CFRP (CF/PANI) composite. The de-doping phenomenon 
of PANI was capitalized to control the electrical conductivity of the CFRP through thickness 
direction. The property of PANI to get de-doped at higher temperature and longer annealing 
time was established with a series of experiments. Prepared CF/PANI was subjected to 
different annealing time to obtain the desired electrical conductivity. Electrical and 
mechanical properties of prepared CF/PANI were measured after each annealing time. 
Average electrical conductivity value > 1 S/cm in through thickness direction of CF/PANI 
was obtained. This conductivity could be reduced by thermal annealing. 3 CF/APNI samples 
were subjected to different annealing time to achieve 0.8, 0.5 and 0.3 S/cm electrical 
conductivity in through thickness direction. These 3 CF/PANI panels were tested against 
simulated thunder lightning strike with an intensity of 40 kA. The effect of electrical 
conductivity and mechanical properties of CF/PANI samples against lightning strike are 
demonstrated. UV-Vis analysis, FT-IR spectra and micro-images were used to demonstrate 
the de-doping phenomenon of PANI. Mechanical properties were measured after each thermal 
treatment cycle to determine any deteriorating effect on overall mechanical properties of the 
composites and finally the effectiveness of these panels against simulated thunder lightning 
test were tested.  

Keywords: polyaniline, conductive CFRP, electrical conductivity, thunder lightning 
protection. 

 

INTRODUCTION 

Composite structures are rapidly gaining ground in our daily life. Automobile, aerospace 
industry and energy sectors are just few to name (Tang & Hu 2016). The main reason for 
composite’s popularity is mainly due to its superior strength to weight ratio compared to its 
counterpart metallic structures. Composites can be designed to impart strengths in the desired 
direction without adding any unnecessary weight to the structures. It is well known that the 
mechanical properties of the CFRPs can be tailored easily by placing the fibers in specific 
directions and other methods(Feng et al. 2017). However, carbon fabric reinforced plastics 
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(CFRPs) finds limitations in many applications due to its poor electrical properties. In past, 
researchers have tried to make electrical conductive CFRPs by adding conductive nano-fillers 
and other additives in to the epoxy resin and other matrices(Yang et al. 2004; Krakovský et al. 
2012; Singh et al. 2013). However, process ability, repeatability and low electrical 
conductivity at higher loading of fillers values are still big challenges for the researchers 
while using such matrices(Shoukai. Wang 2000; Qin et al. 2015).  

Controllability of electrical conductivity of the CFRPs is yet to be established. Among 
multifunctional roles of CFRPs, other than structural applications, electrical conductive 
composites are gaining polularity(Gibson 2010; Cebeci et al. 2009; Wen et al. 2011). 
Electrical conductive composites can be used for a vast field of applications namely i.e. 
optics, sensors, actuators, EMI shielding, battery/capacitor, anti-static and thunder lightning 
protection(Carlson et al. 2010; Luo & Chung 2001; Rea et al. 2005; Lakshmi et al. 2009; D. 
D. L. Chung 2001; Hirano et al. 2016). All these applications need different range of 
electrical conductivities and even the threshold electrical conductivity to be needed for 
thunder lightning protection is unknown. Therefore, controlling electrical conductivity of 
CFRPs has become necessity(Lin et al. 2015; Kandare et al. 2015).  

Authors demonstrated the manufacturing process of PANI-based conductive thermosetting 
matrix and PANI-based CFRPs in their previous works(Kumar et al. 2015; Kumar et al. 2016) 
and also demonstrated de-doping phenomenon of PANI-DBSA/DVB matrix subjected to 
longer curing time and high temperature(Kumar et al. 2016). Hirano et al. also presented the 
effectiveness of the CF/PANI composites against thunder lightning strikes(Hirano et al. 2016) 

. In this work, we have used the doping/de-doping property of PANI to control the electrical 
conductivity of the CFRPs made by PANI-DBSA/DVB matrix. We controlled the electrical 
conductivity of the CFRPs even after complete curing of the composite samples by 
controlling the de-doping phenomenon of conductive filler i.e. PANI. We can obtained 
different electrical conductivity values of one sample by subjecting it to different annealing 
time.  

Lightning damage has been a major issue for the aircraft industry working with carbon fiber-
reinforced polymers. Hence, Lightning Strike Protection (LSP) is an inevitable concept. Most 
of the research these days are focused on suppression of the lightning damage by using 
conducting fillers into the matrix to make conductive CFRP composites. Three CF/PANI 
samples with electrical conductivity of 0.8, 0.5 and 0.3 S/cm in thickness directions were 
prepared and their effectives against simulated thunder lightning strikes were analyzed. 
Hypothesis tested in this work is the ability of PANI-based CFRP to change its electrical 
conductivity, without changing its filler content while maintaining its mechanical properties 
and their resistance to the lightning strike damage. Quantitative values of de-doping/degree of 
doping are presented with the help of UV-vis and FT-IR spectra. 

 

EXPERIMENTS 

Materials 

Polyaniline (PANI) in the form of emeraldine base was purchased from Regulus Co. Ltd. 
Dodecylbenzenesulfonic acid (DBSA) was procured from Kanto Chemical Co. Inc. 
Divinylbenzene (DVB) of 80% technical grade was obtained from Sigma-Aldrich Co. For 
measuring electrical conductivity silver paste was purchased from Fujikura Kasei Co. Ltd. 
Conductive aluminum tape was used as connecting electrode between samples. Plain-woven 
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carbon fiber sheets (TR3110M, TR30-3K fibers, 200 g/m2, Mitsubishi Rayon Co., Ltd.) were 
used to prepare CF/PANI panels. 

Sample preparation 

PANI (32.5 wt. %) and DBSA (67.5 wt. %) were mixed in a centrifugal mixer at 2000 rpm for 
1 min, 3 times to prepare PANI-DBSA complex. This complex was heated for 4 hours at 60˚C 
to achieve uniform semi-doping of PANI. Semi-doping of PANI-DBSA is essential for the 
environmental stability of the PANI-DBSA/DVB matrix as explained in our previous 
work(Kumar et al. 2016). 50 wt.% of DVB was added with 50 wt. % PANI-DBSA complex 
and mixed with centrifugal mixer to achieve uniform dispersion for 3-4 minutes at 1000 
RPM. Prepared PANI-DBSA/DVB matrix was further used to impregnate 8 plies of TR30-3K 
carbon fabric of size 24 cm × 24 cm each. Hand layup process was used to impregnate layer 
by layer and stacked on each other. All 8 plies stacked and cured using hot press machine at 
120˚C for 2 hours at 3 MPa pressure. 4 cured CF/PANI composite panel were prepared.  

The remaining matrix was used to prepare unreinforced cured matrix (bulk samples of 
electrical conductivity measurements & thin films for FT-IR analysis) with same curing 
profile as for CF/PANI composite. One CF/PANI composite panel was cut into different 
dimensions for various measurements. For each thermal cycle 3 samples for DC electrical 
conductivity measurement (25 mm × 25 mm × 2 mm), 3 samples for flexural properties 
measurement (80 mm × 15 mm × 2 mm) and 3 samples for inter-laminar strength 
measurement (25 mm × 10 mm × 2 mm) were cut from the panel. 5 sets for 5 different 
thermal cycles were prepared and subjected to 2, 4, 6, 8 and 10 hours of annealing at 120˚C. 
Other 3 CF/PANI panels were used for lightning strike simulation test. Other CF/PANI 
composite samples were trimmed to 150 x 150 mm2 size for simulated lightning test. 

Characterization techniques 

The electrical conductivity (DC measurement) of the samples and flexural modulus of the 
samples were measured according to the procedure mentioned elsewhere (Cheng et al. 2016). 
Matrix used to impregnate CF was analyzed using FT-IR spectra using IRAffinity-1S 
spectrometer from Shimadzu Co. Thin film of the matrix were prepared and subjected to 
aforementioned annealing time. UV-vis Spectra on UV-2600 UV-vis spectrometer from 
Shimadzu Co. Measurements were taken after 0 min, 10 min, 1 hour, 2 hours, 4 hours, 6 
hours and 8 hours of thermal treatment. Spectra were recorded and plotted in the same graph 
to show the change in the electronic structure of PANI-DBSA after doping and de-doping 
phenomenon takes place.   

De-doping phenomenon was also studied with the micrographs obtain from optical 
microscope (Olympus BX-50) fitted with a heating plate system. Images were taken w.r.t 
increasing temperature at regular interval. Samples were prepared as per the procedure 
mentioned elsewhere (Goto et al. 2011). Differential scanning calorimeter (DSC-60 Plus) 
from Shimadzu Co. was used to obtain the heat flux during curing profile. DSC analysis was 
performed from 0 to 250°C under nitrogen atmosphere. DSC is used to show the complete 
curing of the matrix at certain curing time. Uncured and cured (2, 4, 6 and 8 hours curing) 
PANI-DBSA/DVB matrix (unreinforced) were analyzed using DSC.    

An impulse generator (developed by Otowa Electric Co., Ltd., owned by National Composite 
Center Japan at Nagoya University) was used to apply a simulated lightning current to the 
specimens. In these experiments, a peak current of -40 kA was applied to all the samples.  
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RESULTS & DISCUSSION 

Electrical Conductivity 

Figure 1 clearly shows a decrement in electrical conductivity of the CF/PANI composite w.r.t 
thermal treatment. This degradation of the electrical conductivity of the CF/PANI can be 
assigned to the de-doping phenomenon occurring in the PANI present in the matrix. CF/PANI 
after 2 hours of curing has shown average electrical conductivity value of 1.35 S/cm in the 
thickness direction. This is the highest electrical conductivity value ever reported for 
thermosetting matrix based CFRPs in through thickness direction. Thermally doped PANI-
DBSA is known for its high electrical conductivity (Poussin et al. 2003)and therefore doped 
PANI-DBSA complex present between carbon fibers act as the passage for electric current. 
This imparts electrical conductivity in the through thickness direction of the CF/PANI 
composite panel. The same composite sample when subjected to further thermal treatment has 
shown a uniform degradation of electrical conductivity, which confirm the controllability of 
the samples even after it gets completely cured. The de-doping behavior of PANI is explained 
in the next few sections. The electrical conductivity value of prepared CF/PANI is found to be 
very high as compared to the electrical conductivity value of epoxy based CFRPs (CF/epoxy). 
CF/epoxy generally has the conductivity values in the range of 0.01 S/cm - 0.05 S/cm in 
thickness direction due to the insulating nature of epoxy resins.   

 
Fig. 1 - Degradation of electrical conductivity of PANI-based CFRP with different curing time. 

 
Mechanical properties 

To know the effect of annealing on the mechanical properties of CF/PANI, 3-point bending 
test was performed after each thermal cycle. Flexural behavior and ILSS test was conducted 
for the CF/PANI composites. Flexural modulus, flexural strength and ILSS strength are 
plotted in Figure 2, Figure 3 and Figure 4, respectively. Not much change in the flexural 
modulus of the composite samples was observed with annealing time. However, flexural 
strength and ILSS values increases up to 4 hours of curing and becomes stagnant on further 
annealing. These results confirms that the matrix gets completely cured between after 4 hours 
of curing time. It can also be seen that there is no harmful effect of thermal treatment on 
mechanical properties. DSC analysis has been employed to support this result and shown in 
next section. Mechanical properties of CF/PANI are lower than the mechanical properties of 
CF/epoxy at similar volume fraction (Yokozeki et al. 2015). This reduction can be assigned to 
the very high content of PANI-DBSA complex in the matrix. PANI-DBSA portion accounts 
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only for the electrical conductivity of the system and DVB content is directly related to the 
mechanical properties of the matrix. Therefore, we can also change the overall mechanical 
properties of the CF/PANI composite by altering the DVB content in the matrix during 
manufacturing process itself as matrix properties directly affects the mechanical properties of 
CFRPs. We showed in our previous work that higher would be the DVB content, higher 
would be the mechanical properties with the penalty of electrical conductivity in PANI-
DBSA/DVB matrix system. 

 
Fig. 2 - Flexural modulus of PANI-based CFRP with different curing time. 

 

 
 

Fig. 3 - Flexural strength of PANI-based CFRP with different curing time. 
 

 
Fig. 4 - ILSS value of PANI-based CFRP with different curing time. 
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MATERIAL CHARACTERIZATION 

DSC Analysis 

Curing behavior of the PANI-DBSA/DVB matrix was studied using DSC analysis. 
Unreinforced PANI-DBSA/DVB cured matrix subjected to different curing time was also 
analyzed to determine the complete curing profile and results are plotted in Figure 5. 2 
distinguish exothermic peaks at  ̴ 85°C and  ̴ 176°C can be seen in case of uncured matrix. The 
first peak corresponds to the doping of the PANI(Pan et al. 2005)and second peak 
corresponds to the curing of DVB. Peak at  ̴ 243°C could be due to the dopant decomposition 
(Belaabed et al. 2010; Dumitrescu et al. 2009). DSC plots of 4 hours of curing does not show 
any peak at   ̴ 85°C confirming the complete doping within 2 hours. However, a joint peak 
present at > 170°C indicates uncured DVB present in the system and DBSA decomposition. 
This peak diminish at 6 hours or higher hours of curing. This results support our mechanical 
properties results of CF/PANI that curing completes after 2 hours of extra annealing. 

 
Fig. 5 - DSC of unreinforced uncured/cured PANI-DBSA/DVB matrix after thermal treatment. 

 
FT-IR spectroscopy 

Electronic structure and degradation of electrical of the CF/PANI w.r.t annealing time is 
analyzed with FT-IR analysis of the uncured and cured PANI-DBSA/DVB unreinforced 
matrix. Peaks at 1500 cm-1 and 1590 cm-1 can be assigned to benzenoid and quinoid ring  
respectively. These are the characteristic peaks of emeraldine base form of PANI and shift of 
these peaks to the lower wavenumber signifies the transition to emeraldine salt due to doping 
(Afzal et al. 2010). Thin film of PANI-DBSA/DVB matrix were prepared by subjecting the 
matrix for different annealing time under pressure, using hot press machine. FT-IR spectra of 
annealed sample is shown in Figure 6 and the inset plot shows the FT-IR spectra of uncured 
matrix. In inset plot, the characteristic peaks present at 1454 cm-1 and 1556 cm-1 can be 
assigned to the C=C stretching vibration of benzenoid and quinoid ring respectively. The shift 
of the peaks to the lower wavenumber indicates that PANI was already in semi-doped state 
when mixed with DVB. Peaks at 2924 cm-1 and 2852 cm-1 can be attributed to the presence of 
DBSA within the matrix, which can be assigned to the C-H stretching of CH2 and CH3 of 
DBSA molecule. The absorption band at lower wavenumber indicates the degree of 
protonation of the PANI chains, which represent the conducting form of PANI. The intensity 
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of this band reaches maximum just after 10 minutes of heating which indicates the highest 
electrical conductivity. The reduction in the intensity of this band w.r.t annealing time clearly 
shows the de-protonation of PANI. This band was absent in case of uncured PANI-
DBSA/DVB matrix due to very low conductivity. One another very effective way to know the 
degree of doping is to study the ratio of the intensity of quinoid and benzenoid rings (Saini & 
Arora 2013). The reduction in the intensity ratio of peaks I1556/ I1454 is presented in table 1. 
The reduction in this ratio can be interpreted as the deprotonation of the PANI w.r.t annealing 
time. These results confirms the de-doping phenomenon of the PANI.  

 
Fig. 6 - FT-IR spectra of PANI-DBSA/DVB cured composite film after thermal treatment (inset is the FT-IR 

spectra of uncured matrix). 

UV-Vis analysis 

UV-Vis analysis was performed on PANI-DBSA/DVB matrix w.r.t annealing time and 
change in the spectra were recorded. These plots are shown in Figure 7. The inset figure 
shows the UV-VIS spectra of PANI-EB dissolved at 0.1 wt. % in NMP solution. The peaks 
present at 327 nm, due to the π→ π* transition of benzenoid amine ring and at 630 nm, due to 
the πB→πQ excitation absorption in the quinoid imine ring are the characteristic peaks of the 
emeraldine base form of PANI(de Souza & Soares 2006).  

 
Fig. 7 - UV-Vis spectra of PANI-DBSA/DVB cured matrix after thermal treatment (inset is the UV-VIS spectra 

of PANI-EB). 
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The peaks at 320 nm is replaced by a shoulder like peak at 440 nm after thermal doping. This 
new peak indicates the attachment of the DBSA with PANI. Similarly, a new peak appears at 
830 nm. This peak can be assigned to the formation of polaron band due to protonation of 
PANI. The ratio of the intensity of the peaks I440/I830 can also be used as the indicator of 
degree of doping of PANI (Bilal et al. 2012). The values obtained for this ratio at different 
annealing time is shown in the table 1. It can be seen from the plots that the degree of doping 
decreases w.r.t thermal treatment. Results obtained from UV-Vis analysis reestablished the 
findings of the FT-IR spectroscopy. 

Table 1 - Quantitative data of degree of doping using FT-IR and UV-Vis analysis. 

  
Optical thermal microscopy 

Optical thermal microscopic images have been used to demonstrate the de-doping 
phenomenon w.r.t curing temperature. Images were taken during in-situ doping and curing of 
PANI-DBSA/DVB matrix. Three images taken at (a) 30°C, (b) 120°C and (c) 180°C are 
shown in Figure 8. Image taken at 30°C shows the un-doped form of PANI-DBSA (dark blue 
color) dispersed into DVB (yellow color) matrix. After 10 minutes of heating, PANI changed 
its form from emeraldine base to emeraldine salt which is represented by the color change of 
PANI from dark blue to bright green. This confirms the doping process of PANI. On further 
increase in the curing temperature, DBSA start getting detaching from the PANI backbone 
causing de-doping of the system. This can be confirmed by the change of the color of the 
complex from bright green to dark green. 

 
Fig. 8 - Thermal in-situ optical micrograph of PANI-DBSA/DVB w.r.t curing temperature. 

  

Curing Time FT-IR  

(I1556/I1454) 

UV-Vis  

(I435-440/I830-850) 

Electrical Conductivity 

of Bulk Sample (S/cm) 

1. 10 min 0.92 1.33 NA 

2. 1 hour 0.91 1.41 1.04 

3. 2 hour 0.89 1.44 0.45 

4. 4 hour 0.88 1.46 0.19 

5. 6 hour 0.86 1.48 0.11 

6. 8 hour 0.83 1.48 0.05 
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Previous sections have been dedicated to understand the de-doping behavior of the PANI-
DBSA in presence of DVB due to the prolonged curing time and increased curing 
temperature. DVB is a cross linking monomer which follows radical as well as cationic 
polymerization. However, semi-doped PANI possess some scavenging effect which can 
hinder the radical self-polymerization of DVB. Therefore DVB takes away DBSA proton 
from PANI to reinitiate its polymerization. This cause the de-doping of PANI. High 
temperature helps the deprotonation of PANI, causing the increased rate of de-doping of 
PANI at higher temperature or prolonged heating. This deprotonation of PANI attribute to the 
overall decrement of the electrical conductivity of the PANI-DBSA/DVB matrix and 
subsequently the electrical conductivity of CF/PANI. However, at particular temperature the 
rate of de-doping is found to be almost constant and therefore, the de-doping behavior of 
PANI can be controlled by controlled thermal treatment.  

Simulated lighting current test 

Impulse generator and the sample holder are shown in Figure 9. Top view of the samples 
before and after the lighting test are also shown in Figure 10. CF/PANI with different 
electrical conductivity in through thickness direction were tested at -40kA current, which 
represent the simulated thunder lighting on an aircraft. Circular damage area can be seen 
clearly from the images in all the cases. This damage occurred due to the resin evaporation 
mainly. Small amount of fiber damage is also visible. No damages after first layer was 
observed, which suggest that the damage could not penetrate the remaining layers of 
CF/PANI panel. Conductive nature of the CF/PANI helped the simulated lightning current to 
flow out of the CFRP samples. These are very interesting result for future of the development 
of new technologies for lighting strike protection because, no catastrophic failure was 
observed as was the case in CF/epoxy (without lightning strike protection) (Hirano et al. 
2016). Based on these observations, we can see that the sample with electrical conductivity of 
0.3 S/cm could exhibit strong resistance against lightning strike as well, if provided with 
enough mechanical strength. It was also found that the electrical conductivity didn’t changed 
much even after lighting strike (high residual electrical conductivity). This property make 
CF/PANI capable to withstand multiple lighting strikes without losing its inherent electrical 
conductivity through thickness direction. Although electrical conductivity is the main factor 
against lighting strike protection, but we have to improve the mechanical properties of the 
CF/PANI composite especially its interlaminar properties to make it completely safe against 
lighting strikes. Other factors like minimizing the evaporation of the resin will be evaluated in 
future.  

 

Fig. 9 - Setup for simulated lightning test: a) Impulse current generator b) Support jig and discharge electrode 
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Fig. 10 - Specimens before damage (a) and after damage (b): Sample with 1) 0.8 S/cm, 2) 0.5 S/cm and 3) 0.3 
S/cm through thickness electrical conductivity respectively. 
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CONCLUSION  

DBSA-doped PANI dispersed in DVB has been used as thermosetting matrix to impregnate 
carbon fabrics to prepare conductive CF/PANI composite. This composite was subjected to 
different annealing time and its electrical and mechanical properties were measured after each 
thermal cycle. Stagnation of the mechanical properties (due to complete curing of matrix) and 
continuous degradation of electrical properties of the CF/PANI composite (due to the de-
doping effect of PANI) was observed. The de-doping phenomenon of PANI, in presence of 
DVB matrix was explained using different analytical techniques (FT-IR, UV-VIS and optical 
thermal microscope). A direct relation between degree of de-doping and annealing time and 
temperature has been demonstrated systematically. Quantitative data has been presented to 
understand the results. The hypothesis to control the electrical conductivity of the CF/PANI 
composite without any detrimental effect on its mechanical properties up to certain annealing 
time has been proved successfully. This work is important to provide different electrical 
conductivity values of one sample without changing in its manufacturing process or structure. 
CF/APNI samples were subjected to different annealing time to achieve 0.8, 0.5 and 0.3 S/cm 
electrical conductivity in through thickness direction. These 3 CF/PANI panels were tested 
against simulated thunder lightning strike with an intensity of -40 kA. The effect of electrical 
conductivity and mechanical properties of CF/PANI samples against lightning strike are 
demonstrated.  
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ABSTRACT 

Membrane processes have been developed for various applications. Pervaporation is one of 
the developing membrane technologies that can be used for various industrial separations as 
separation of azeotropes mixtures, mixtures of isomers, water-containing mixtures, etc. 
Development of this technology using membrane processes requires a search for new 
materials and creates the membranes with high transport characteristics. One of the most 
promising directions in this area is the modification and functionalization of polymers known 
types of nanoparticles. In the present work a low-hydroxylated fullerene has been used as a 
modifier and a cross-linking agent for polyvinyl alcohol. 

Keywords: PVA, pervaporation, fullerenol, nanoparticals. 

 

INTRODUCTION 

The aim was to study the effect of fullerenol C60(OH)12 on transport and physico-chemical 
properties of polyvinyl alcohol (PVA). Different treatments are used for crosslinking of 
composite membrane as physical and chemical treatment. In this work physical (thermal) 
treatment was used. Structural and physico-chemical properties of the membranes were 
studied by various physical and chemical methods of investigation as thermogravimetric 
analysis, spectroscopic methods, scanning electron microscopy, differential scanning 
calorimetry and sorption experiments. The transport properties of mixed matrix membranes 
were studied under water treatment of mixture acetic acid-water during pervaporation. 
Pervaporation experimental was studied at different temperature.  

 

RESULTS AND CONCLUSIONS 

It has been shown that the introduction of fullerenol in a polyvinyl alcohol matrix leads to the 
significant change and the improvement of membrane properties due to the changes in the 
structure and morphology.  

Scanning electron microscopy (SEM) micrographs have already shown significant changes of 
internal structure after modification. The SEM micrographs of cross-sections of membranes 
based on PVA and PVA-fullerenol composites are presented in Figure 1. These pictures 
demonstrate significant changes of the internal structure of membrane with the rise of 
fullerenol concentrations in polymer PVA matrix under different closs-linking conditions.  
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Fig. 1 - SEM micrographs of the cross-sections of the thermally treated membranes based 
on PVA and PVA-fullerenol composites at 1400C: during 100 (a) and 420 (b) minutes 

 

Changes in the internal structure strongly influence on the transport membrane properties. 
Novel supported membranes developed in the frame of this work had high transport 
characteristics.  
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ABSTRACT 

Pure and fiber-reinforced thermoplastic polymers are prone to failure under creep loading due 
to high molecular mobility they possess, which renders lifetime prediction under creep 
loading crucial. Pure and short fiber-reinforced composites were shown to exhibit two main 
stress-dependent failure mechanisms depending on the magnitude of creep stress applied: 
plasticity-controlled and crack growth controlled failure mechanisms, which can be identified 
by comparing the lifetimes in static and cyclic fatigue at equal value of maximum stress [1]. 
In this work, the same procedure is applied to transversely loaded unidirectional (UD) 
composites for identification of failure mechanisms to develop lifetime prediction models and 
acceleration methods based on them. Plasticity controlled failure mechanism was observed for 
continuous fiber-reinforced UD composites as well.  

Keywords: long-term, creep, thermoplastic, composite, lifetime. 

 

INTRODUCTION 

As shown in Fig. 1, although failure mechanisms are macroscopically apparent in pure 
polymers, this is not the case for short fiber-reinforced polymers. The latter exhibited 
macroscopically brittle failure regardless of the stress level although stress vs time-to-failure 
graph was still bilinear.  Kanters et al. [1] observed that, at equal value of maximum stress, 
cyclic fatigue resulted in longer lifetime at higher stress levels and shorter lifetime in lower 
stress levels, which showed failure, is still controlled by plasticity at high loads even though 
failure looks macroscopically brittle.  

 

Fig. 1 - Influence of dynamic loading on plasticity-controlled and crack growth-controlled failure 
of pure and short fiberglass-reinforced polyethylenimine (PEI) 
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In this study, the aim is to determine the failure mechanisms under static and cyclic fatigue in 
transversely loaded UD composites and develop acceleration methods and lifetime prediction 
models by taking failure mechanisms into account. UD specimens are manufactured by hot 
pressing. Constant strain rate tensile tests and constant stress creep tests are conducted at 
different environmental temperatures to characterize failure kinetics of transversely loaded 
90° iPP/glass UD laminates. Cyclic loading is applied to identify failure mechanisms.  
 

RESULTS AND CONCLUSIONS 

At high stresses, dependence of lifetime on creep loading and tensile strength on applied 
strain rate are found to be related to each other by the same slopes (but with different signs) as 
shown in Fig. 2, which can be used as a tool to predict the lifetime under creep loading by 
utilizing short term tests. At high stress levels, cyclic loading caused an increase in lifetime at 
high stresses, which shows that failure is plasticity controlled and negates the common belief 
in the literature that dynamic loading would accelerate the failure.  

 
 

 

 

 

 

 

 

 

Fig. 2 - Strain rate dependence of the tensile strength and stress dependence of time-to-
failure in static and cyclic loading for 90° glass/iPP specimens 

Cyclic loading will be applied at lower stress levels as well to observe crack growth-
controlled failure. Several other material systems such as carbon/PEEK  and glass/polyamide 
will be studied. 
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ABSTRACT 

This work presents the study of the effects of various manufacturing defects on the strength of 
composite structures according to the size and location of the defects. The L-shaped 
composite flanges made of carbon laminate with the use of resin transfer moulding (RTM) 
technology were taken for the mechanical tests with in-situ X-ray monitoring. The numerical 
simulation of stress-strain state of this structure under testing load was carried out by finite 
element method (FEM) with ANSYS Workbench software. 

Keywords: polymer composites, microfocus x-ray, testing, finite elements. 

 

INTRODUCTION 

The use of polymer composite materials for advanced aeronautical engineering requires 
taking into account their high susceptibility to interlayer defects and damage in the form of 
delamination. Thus, the composite constructions must be inspected for small initial defects 
and damages before they become catastrophic because of the increase of their number and 
combination with other damaged areas. Radiography (X-ray monitoring) is one of the most 
promising techniques for internal defects detection (Brault, 2013; W.J. Na, 2012 and 
Swygenhoven, 2013). 

The main types of manufacturing defects which have been artificially created in the step of 
samples molding were analyzed: voids, delaminations and curvature of the layers. The 
mechanical testing of L-shaped flange samples was carried out on Zwick Z100 machine using 
specially developed fixture (Figure 1).  

 

RESULTS AND CONCLUSIONS 

During the samples testing the stress-strain curves and X-ray images with the fixed tensile 
force were received. The areas of interlayer cracks localization and their estimated sizes 
values were identified at the various load levels.  

The three-dimensional computer models of L-shaped flanges with various defects for stress-
strain analysis were created (Figure 2). The numerical simulation of the mechanical testing of 
these samples was carried out by finite element method (FEM) with ANSYS Workbench 
software.  
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a     b 

Fig. 1 - Testing sample in fixture (a) and testing equipment (b): 1 -  Zwick Z100; 2 - sample; 3 - X-ray unit. 
 

 
Fig. 2 - 3D model of composite flange with embedded delamination area 

 

The obtained numerical results were compared with the X-ray radiography results and 
experimental testing data, good qualitative correlation was found.  
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ABSTRACT 

As one of the world leading automotive suppliers, ZF Friedrichshafen AG put a focus on the 
use of fiber-reinforced plastics to reduce the overall weight of vehicles. The development of 
new parts, components and systems requires a holistic approach to ensure the fulfillment of 
functions with optimum material and energy efficiency while maintaining the economic and 
environmental requirements. Thus, extensive material and component tests are performed to 
determine information about the behavior of components under load, which provide the basis 
for numerical simulations. 

Hydrophilic polymers such as Polyamides are challenging the fields of design, qualification 
and testing. Depending on the atmospheric environment, water can be absorbed or emitted by 
components which are made of polyamide and in consequence of this a change of geometric 
dimensions and mechanical properties is a result. Furthermore other parameters such as test 
frequency, transient sample temperature and mean stresses have to be carefully considered in 
the experimental procedure and the evaluation. The 2-dimensional S-N-curves are often not 
constructive and there must be an n-dimensional approach. For this purpose, a new promising 
approach has been developed in the Central R&D of ZF Friedrichshafen AG, which allows a 
more precise view of the life time behavior of glass fiber reinforced polyamide in a 
multidimensional space. 

Keywords: S-N curves, glass fiber reinforced polyamide, composites.  

 

INTRODUCTION 

Along with the EU directive on the reduction of CO2 emission of a new car in 2020 to 95 g / 
km, requirements of a higher standard are being placed on the automotive industry. In 
addition there are issues such as safety, dynamics, comfort and sustainability. To fulfill the 
EU regulations, solutions for saving total vehicle weight and the associated reduction in the 
consumption values must be found.  

The benefits of fiber reinforced composites are the specific setting of strength and stiffness, 
wherein the mechanical behavior is determined by the properties of the additive, the matrix 
and the combination of matrix and additive [1]. The development of new parts, components 
and systems requires a holistic approach to ensure the fulfillment of functions with optimum 
material and energy efficiency while maintaining the economic and environmental 
requirements. Thus, quasi-static and cyclic material and component tests are performed to 
determine information about the behavior of components under load, which provide the basis 
for numerical simulations. Failure behavior of fiber-reinforced plastics (FRP) is dependent on 
many external parameters, such as temperature, humidity, harmful media, etc. If the stress 
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level is low, the plastic specimen will fail because of fatigue fracture crack propagation, if 
there is a high stress level, the plastic specimen will fail because of thermal influence. A high 
test frequency and a high stress level act as multiplier for thermal influence and finally for 
thermal failure and are leading to an incorrect result due to the heating of the material [3]. 

 

RESULTS AND CONCLUSIONS 

To determine the dependence of the previous factors influencing the life accurately, further 
experiments must be carried out with changing variables. This can be achieved with the 
change of the load ratio, moisture, temperature and the expansion of the frequency range. 
Within this, more important findings about the fatigue strength behavior can be obtained at 
the same time. 

With a multi-dimensional presentation of the stress variables and the results, the life time 
behavior of glass fiber reinforced polyamide can be described on clearly both, the outer and 
the inner influences. Furthermore, a calculation model can be designed to give a better 
prediction of the life time behavior of glass fiber reinforced plastic components under various 
boundary conditions. 

 
Fig. 1 - Load amplitude - elongation hysteresis curves of fiber-reinforced polyamide under cyclic loading 

 

By the use of multivariate analysis methods, the dependencies of life time load changes N 
concerning frequency, force amplitude, and the slope of the load amplitude - elongation 
hysteresis (Figure 1) are described empirically. This method allows a more accurate 
description of the process and a deeper insight into the "nature" of this process. 

Therefore, a standard needs to be found which makes it possible to describe the life time 
behavior of the material with respect to the outer and inner parameters. Finally, a consensus 
on a broad scale is required. 
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ABSTRACT 

The aim of this work is to investigate the impact of blending of PVA with chitosan and low-
hydroxylated fullerene C60(OH)12 (fullerenol) on the physical, chemical and transport 
properties of polyvinyl alcohol (PVA). The conditions of preparation and cross-linking of 
membranes based on nanocomposite PVA - fullerenol - chitosan were developed. Structural 
and physico-chemical characteristics of composite membranes were studied by IR 
spectroscopy, scanning electron microscopy and sorption experiments. The transport 
properties of membranes were investigated for separation of water containing mixtures by 
pervaporation. 

Keywords: pervaporation, mix matrix membrane, composite, fullerenol. 

 

INTRODUCTION 

Membrane methods are highly demanded in various industries for the purification, 
concentration and separation of liquid and gaseous mixtures due to its unique properties. One 
of the most promising membrane technologies for separation of low-molecular liquid 
mixtures is pervaporation which can be used for various industrial scales. Pervaporation can 
be easily used for separation of azeotropic mixtures, mixtures of isomers, close-boiling and 
thermally unstable substances. The performance characteristics of this method make it 
attractive for the chemical, petrochemical, biochemical, pharmaceutical industry as an 
alternative process of modern methods. 

The rapid development of membrane technology, in particular pervaporation, requires the 
creation of new materials with improved characteristics. Among the variety of membrane 
materials, the polymers take an important place as they have good mechanical characteristics, 
film forming properties and selectivity. However, the disadvantage of the majority of known 
and commonly used polymers, including well-known polyvinyl alcohol (PVA), is low 
permeability. 

 

RESULTS AND CONCLUSIONS 

One of the most promising ways of changes in physico-chemical (structural, mechanical) and 
transport characteristics of the membrane material is a modification of polymers by known 
carbon nanoparticles, and blending by another polymer (for example, by chitosan). In the 
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present work a low-hydroxylated fullerene has been used as a modifier and a cross-linking 
agent for polyvinyl alcohol. 

It has been shown that the addition of fullerenol C60(OH)12 and definite amount of chitosan 
into PVA matrix leads to the significant change of physico-chemical and transport properties 
due to the changes in structure and morphology. 
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ABSTRACT 

The main goal of this work is to help mitigate structural vibration in a helicopter seat using 
magnetorheological (MR) materials. The unique properties of MR materials, such as their 
ability to mechanically respond to magnetic fields and their characteristic material non-
linearity present practical implementation challenges. The analytical and computational 
models developed to quantify the performance of the MR fluid and elastomer has 
demonstrated that the proposed helicopter seat cushion system is effective in reducing the 
vibration experienced by the pilots. The seat cushion design proposed has been performed in 
collaboration with the National Research Council Canada. 

Keywords: helicopter seat cushion, magnetorheological materials, magnetic circuit design, 
finite element method. 

 

INTRODUCTION 

Exposure to high intensity, low frequency - 4 to 80 Hz - noise can cause Whole-Body 
Vibration (WBV), which has become an increasingly significant area of concern in helicopter 
seat design (Shanahan, 1984). This type of exposure interferes with the operational 
performance by degrading situational awareness that may affect decision making. Since there 
is nothing the pilot can do in-flight to minimize the discomfort, it becomes a distraction that 
can jeopardize flight safety. Many new conventional solutions and design modifications have 
been implemented on helicopters, and have achieved mixed performance improvements. In 
order to successfully reduce vibration level, vibration cancellation on seats technologies 
(locally) has attracted significant interest. 

Magnetorheological fluids and elastomers belong to a class of materials that are known as 
“smart materials”. The magnetorheological fluids are a type of smart fluid, which change 
elasticity, plasticity and viscosity properties in the presence of a magnetic field. In recent 
years, there has been a renewed interest in MR fluid devices, for example, in applications 
such as cycling, dampers, seat suspensions and prostheses or even polishing optical lenses 
(Wang, 2001). Magnetorheological elastomers are, like the MR fluids, a kind of smart 
material, which usually has three different components: a rubber or polymeric matrix (non-
magnetic); magnetically polarizable particles and few additives. 
 

RESULTS AND CONCLUSIONS 

There were two rigs to test and identify properties of the materials, in shear or compression 
mode. The objective from the computational point of view is to develop models that would 
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represent these rigs and evaluate the magnetic circuit behaviour, to validate the experimental 
procedure. The materials used in the cushion have a significant influence on the magnetic 
circuit. Different configurations of MR material cushion sections are explored to identify the 
parameters that affect the most the design and shape of the device, in order to maximize the 
magnetic field intensity within the gap. 

 
Fig. 1 - Cushion Cell 1 (left) and 2 (right) final results 

 

 
Fig. 2 - Final Seat Cushion Configuration 

 

The cross-sections of the final configuration are presented. Having the final dimensions and 
parameters, a magnetic simulation was performed, to check the behavior of the MR material. 
Further work should be performed in order to optimize the model, develop a more adequate 
control strategy and implement the final solution experimentally. 
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ABSTRACT 

This paper presents a new family of high temperature materials those being molybdenum 
matrix composites reinforced with fibres containing yttrium and ytterbium silicates. It is 
shown that the composites retain sufficiently high strength up to a temperature of 1400oC. An 
important feature of the fibrous composites developed is their sufficiently high fracture 
toughness at room temperature. This feature makes the composite different from molybdenum 
alloys filled with ceramic particles. 

Keywords: fibrous composites, molybdenum matrix, yttrium silicates, ytterbium silicates. 

 

INTRODUCTION 

Development of new heat resistant materials with the use temperature higher than that of 
nickel superalloys is, perhaps, the most important and highly difficult problem of a chapter of 
materials science concerned with structural materials. This is important since an essential 
enhancement of operating temperature yields a great improvement in the effectiveness of 
many structures. In particular, in gas turbine, this either increases thermal effectiveness due to 
an increase in the operating temperature with the same level of cooling or decreases the fuel 
consumption due to decreasing the power necessary to cool hot parts. At the same time, 
enhancing operating temperature provides control of deleterious emissions, such as NOx. The 
problem is really tough since the material should satisfy a number of mutually contradictory 
requirements, an example being strength and creep resistance, on one side, and fracture 
toughness, on the other side. This contradiction provides a serious problem in developing 
metal alloys hardened by ceramic particles. However, replacing particles with ceramic fibres 
allows developing composites characterised by simultaneous growth of strength and fracture 
toughness (Mileiko, 1997, 2015). Recent finding of a possibility of decreasing the oxidation 
rate of molybdenum, which is used as the matrix material for composites reinforced with 
oxide fibres containing a chemical element forming a molybdate on the composite surface 
(Mileiko, 2012, 2015a), stimulates a search for new fibres to reinforce molybdenum bearing 
in mind a possibility to exploit new ways to protect molybdenum from oxidation. Silicon-
containing oxides look attractive in this respect (Zhou, 2013; Tian, 2016). Still, no attempts to 
obtain fibres based on the silicates are known. In the present work, for the first time, such 
fibres are obtained as reinforcements of molybdenum matrix and mechanical properties of the 
oxide/molybdenum composites are studied.  

 

RESULTS AND CONCLUSIONS 

The internal crystallization method [Mileiko, 2005] was used to produce composite 
specimens. The raw mixtures of oxide powders Y2O3 - SiO2 for melting and crystallising 
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them to form fibres in molybdenum matrix had molar ratios: 0.5 - 0.5 (yttrium silicate 
Y2SiO5), 0.55 - 0.45 and 0.6 - 0.4 (close to the yttria-silicate eutectic). Also were prepared a 
mixture of Yb2O3 - SiO2 with molar ratio 0.6305:0.3695 to produce fibre close to yttrbia-
silicate eutectic composition. In the full text paper the microstructures of the composites and 
fibres are discussed; here just some mechanical properties of the composites are presented 
(Figs. 1 to 3). 

   
Fig. 1 - Temperature dependence of 
the composites containing yttrium 

silicate based fibres and the 
ureinforced matrix. 

Fig. 2 - High temperature strength 
of the composite reinforced with 
Yb2O3 - Yb2SiO5 fibres versus 

crystallization rate of the fibres. 

Fig. 3 - Fracture toughness of of the 
composite reinforced with Y2O3 - 

Y2SiO5 fibres versus crystallization 
rate of the fibres. 

One can see that (i) the composites retain sufficiently high strength up to a temperature of 
1400oC; (ii) mechanical properties of the composites depend on fibre crystallisation rate; (iii) 
fracture toughness of the composites depends on the fibre composition and crystallisation rate 
and the value of critical stress intensity factor can be larger than 20 MPa·m1/2.  

These properties of the composites with silicate-based fibres make them to be potential 
candidates for future high temperature materials. 
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ABSTRACT 

The sandwich materials can be adapted to various structural applications but, on another hand, 
are exposed to a large variety of damages, due to their advanced anisotropy and 
inhomogeneity. This aspect creates the need of careful evaluation of the damage tolerance 
under various loading conditions, in particular under low velocity impact events. The paper 
presents the results obtained in the assessment of impact and post-impact behaviour of thin 
sandwich sandwiches used in the structure of a wind turbine runner, meant to maximize its in 
service reliability.  

Keywords: sandwich material, damage tolerance, low velocity impact, infrared thermography. 

 

INTRODUCTION 

The sandwich type composite materials offer a wide structural flexibility, due to the number 
of parameters that can be handled in order to meet the design requirements in terms of 
mechanical performance and safety. For this reason, it is highly necessary to evaluate their 
damage tolerance, a key factor that assures long term in service reliability. 

The sandwich materials studied in this work are intended to be used in the structure of a small 
wind turbine runner (Constantin 2016). The thin sandwiches layout involve a single or double 
coremat® core, interleafed between glass fibre reinforced polyester (GFRP) skins. The total 
thickness ranges between 7 mm for the single core and 12 mm for the double core 
sandwiches. Their damage tolerance was evaluated following their behaviour after being 
subjected to low velocity impact events, considered to be the most invasive ones for layered 
composites. The evaluation was made by monitoring the impact force history curves, by non-
destructive inspections (NDI) and by measuring the residual mechanical performance of the 
impacted sandwiches.  

 

RESULTS AND CONCLUSIONS 

The low velocity impact tests have been performed at 10 J, 20 J and 30 J levels, using an 
instrumented impact hammer. The shape of the impact force history curve is considered to be 
a reliable indicator of the damage state and its consequences upon the residual mechanical 
performance (Constantin 2008) (Feng 2013). The rather smooth shapes of these curves have 
justified the results obtained during the compression after impact (CAI) tests, showing a more 
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or less unchanged resistance under compression loading. Nevertheless, the bending under 
impact (BAI) tests proved a clear diminishing of the correspondent residual strength with the 
increase of the impact energy level (Fig. 1).  

 
Fig. 1 - Residual bending strength obtained for impacted thin sandwiches. 

This result is in accordance with the thermograms obtained using active infrared 
thermography (IRT), in the lock in variant, which has put in evidence different damaged 
states around the impact area. 

The study shows that the BAI tests are more appropriate to evaluate the residual mechanical 
properties of sandwiches. Adequate correlation between that results and the images obtained 
during NDI work can lead to accurate prediction of the damage tolerance of such materials. 
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ABSTRACT 

The results of the work on the development of a new composite alloy pistons designed for 
internal combustion engines are presented in the article. Tests of alloy crystallization, 
metallographic tests, tensile strength and hardness tests, coefficient of thermal expansion and 
tests for seizure resistance as well as the engine tests were performed. Tests of dimensional 
stability of the pistons in the thermal chamber was carried out and found that permanent 
deformations of the piston diameter do not exceed 2 µm. The engine with new pistons showed 
a lower consumption of lubricating oil, lower levels of exhaust emissions and lower noise 
levels in comparison to the standard engine. 

Keywords: combustion engines, engine pistons composite aluminum alloys, engine piston 
testing, material testing. 

 

INTRODUCTION 

The design and materials used for the pistons exert a significant influence on the value of the 
clearance of the piston-cylinder assembly. Clearances have an impact on the lubricating oil 
consumption, blow-up into the crankcase, exhaust gases toxicity and noise of engine 
operation [Tinaut et al.].  

Hysteresis of pistons dimensions due to changes in temperature distribution and stress has 
a major impact on the value of the clearances. In the most internal combustion engines, the 
pistons are made of alloys based on aluminum, whereas the cylinder liners are made of cast 
iron, which has different expansion coefficient than the aluminum alloys expansion. 
Therefore, the attempts of the steel pistons application are investigated [Birch].  

However, these pistons have a much larger mass, which increases the load of the crank 
mechanism and reduces the nominal speed of the engine. Moreover, the implementation of 
steel pistons requires new and expensive production methods. Therefore, the use of composite 
pistons of the aluminum is a better solution. It allows to increase the strength of the material 
at elevated temperature and to reduce the changes in the piston dimensions. Furthermore, the 
use of a new alloy allows the use of smaller assembling clearances between the piston and the 
cylinder.  

The composite alloy is obtained by adding to the base material (aluminum) of the refractory 
elements such as chromium, molybdenum, nickel, tungsten. These elements form the 
intercrystalline compounds, which are located on the grain boundaries. Moreover, the fibres, 
such as silicon carbide are added, which strengthens the structure of the alloy. As a result, 
strength of the alloy and dimensional stability is increased, and the deformations of the 
pistons are reduced [Jankowski Jankowska, Slawinski]. 
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OPERATING CONDITIONS OF THE COMBUSTION ENGINE PISTONS 

Pistons in internal combustion engines operate under permanent changes in their temperature 
and structural stresses distribution, due to changes in engine external loads and engine speed. 
The materials of the pistons must therefore have appropriate properties not only at the room 
temperature but also at the operating temperature of the pistons. The maximum temperature of 
the pistons, which are present on the piston crown, can reach 320-350oC. In the lower part of 
the piston, at the piston skirt, the temperature reaches a value of 100-140oC. Very important is 
the temperature in the region of the piston ring grooves, which is determined and limited by 
the properties of the lubricating oil, it should be a maximum of 230-240oC. If the temperature 
in this area exceeds this value, the piston must be internally cooled. Large temperature 
differences in the piston cause the occurrence of high thermal stresses, which superimpose to 
the mechanical stresses. Large differences in the piston stresses and temperature gradients 
cause deformation of the pistons, which should disappear after the withdrawal of stresses and 
temperature. The presence of pistons permanent dimensional changes, because of pistons 
permanent heating and cooling, known as hysteresis, is a serious problem that needs to be 
taken into account in the pistons design process. The value of these distortions, determine in 
fact the dimension of the clearance in a piston-cylinder liner assembly, which affect on piston 
seizure, lubricating oil consumption, exhaust gases blowby into the crankcase and harmful 
emissions, mainly unburned hydrocarbons. The value of the pistons hysteresis can be limited, 
primarily by proper selection of the pistons chemical composition and by selection of the 
appropriate piston manufacturing processes, including the piston heat treatment processes. 
The long experience in the pistons manufacturing and testing led to the selection of different 
aluminum alloys, which is used in the pistons mass production. Specific designs and the usage 
of the engines, however, require the introduction of the additional requirements that result, 
that it is necessary to correct the chemical composition of the piston alloys. The most 
commonly used piston aluminum alloys are Al-Si alloys, containing about 12% Si. They are 
near eutectic alloys, further more comprising a number of alloying additives. 

 

THE SCOPE OF THE TESTING 

The work aim was to replace pistons of the military applications engines, which were 
produced by forging a wrought aluminum alloy PA12. The pistons produced by casting a near 
eutectic Al-Si alloy should be characterized by similar strength properties and improved 
functional properties, which are primarily enabled by reducing the clearances between the 
piston and the cylinder. 

Table 1− Chemical composition of near eutectic alloys for engine piston, at % wt 

 Si Cu Mg Ni Fe Ti Cr Mo W V Mn Zn Other 

1 
10.5-
12.5 

0.5-
1.5 

0.8-
1.8 

0.5-
1.5 

≤0.7 ≤0.1 − − − − <0.2 <0.2 ≤0.15 

2 
11.5-
12.5 

3.0-
4.0 

0.3-
06 

4.0-
5.0 

0.05 − 
0.05-
0.8 

0.05-
0.8 

0.05-
0.8 

0.05-
0.8 

0.2-
0.35 

−  

3 
9.5-
13.0 

0.5-
4.0 

0.4-
1.7 

0.5-
4.0 

0.5-
0.7 

0.1-
1.2 

− − − − 
0.2-
0.6 

0.05-
0.2 

≤0.15 

1. PA12 alloy for forget pistons 
2. Tested composite silumin alloy 
3. Generalised composition of the near eutectic Al-Si alloys 
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The research program contained large range of metallographic research, the strength testing of 
materials in terms of the influence of various alloying elements on the strength of the final 
material, mathematical modelling of temperature distributions and stresses in the pistons and 
engine brake testing of the new pistons. As a basic alloy to manufacture the test samples, the 
near-eutectic Al-Si alloy, labelled AK12 was taken. 

Table 1 shows the PA12 alloy chemical composition, a global average of the near-eutectic 
alloys composition, and the alloy composite, which is the final result of the work carried out, 
and which was selected to make the new pistons. 

It should be noted that the results of materials tests have been used in the processes of 
mathematical modelling. Modelling make possible to determine the outer contour of the 
piston, whereby space between the piston and the cylinder has been reduced, which had a 
beneficial effect on the limitation exhaust emissions limitation, fuel economy, also reducing 
the noise of the engine. 

In this article, the main attention has been devoted to metallographic research, the strength 
research and engine research. 

 

 

 

  
Fig. 1 − Curves of the alloy AlSi12Cu4Ni4MgCrMoVW (Mg 0.5% sample; Cr, Mo, W and V 0.05%) cooling in 

the tested alloy modified with Sb, Ti, B 
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Table 2− Distinctive temperature points for cooling curve (Fig. 1) 

Point τ, s t, °C dt/dτ, °C/s Z, °C/s2 

Pk 65 594 -2.00 0.018 

P’k 77 579 -0.46 -0.054 

T 84 574 -0.87 0.006 

D 106 558 0.00 0.119 

E 110 559 0.30 0.018 

M 142 562 0.00 -0.010 

F 353 522 -0.56 0.002 

G 376 511 -0.34 -0.004 

H 388 506 -0.50 -0.017 

J 396 503 -0.29 -0.028 

K 418 485 -1.10 -0.005 

 

METALLOGRAPHIC TESTING 

In a study of casting pistons processes and preparing samples for the strength tests, the 
derivative thermal method of analysis was used (Derivative Thermo Analysis − DTA), which 
allows one to track the process of the alloy crystallization and the setting temperatures of 
phase transitions. This also facilitates suitable design of the casting moulds, to obtain a 
desired speed of creation for specific structural components. On the other hand, from the 
alloy-cooling graph, the changes in the microstructure of the alloy can be predicted. 

Fig. 1 shows the alloy cooling curve and the derivation curve of the silumin composite alloy 
AlSi12Cu4Ni4MgCrMoVW (Mg 0.5%, Cr, Mo, W and V, 0.05%) modified with Sb, Ti, B 
and comparison of microstructure of novel alloy (left) and standard one. Table 2 shows the 
characteristic temperatures, corresponding to the markings on the cooling curve. The DTA 
curve, in conjunction with graphs of phase equilibrium and metallographic tests and X-rays 
tests, allows the interpretation of type and sequence of crystallization of the individual phases 
in the alloy. 

 

STRENGTH TESTS 

High demands on the tensile strength and hardness of the piston material resulted in this that 
was necessary to increase the strength of the basic, near-eutectic Al-Si alloy, by adding 
suitable alloying additives. It was also necessary to obtain an alloy, characterized by high 
dimensional stability in an environment of continuously changing thermal and mechanical 
loads. Such additives as chromium, molybdenum, tungsten, nickel, and copper were 
specifically evaluated for their influence. There were tested: tensile strength Rm, yield strength 
R0.2, relative elongation A5, the Brinell hardness HB. The tests were carried out using 
a strength-testing machine with a hydraulic drive. Static tensile test was performed at a 
constant loading rate of 5 mm / min. In studying the effect of temperature on the material 
strength, the thermal chamber was used.  
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Fig. 2 - Climatic chamber installed on strength testing 

machine 
Fig. 3 − Extensometer fixed on the 

sample 
 

The testing machine view is shown in Fig. 2, and the view of the sample (on which the 
extensometer is installed) in the machine head is shown in Fig. 3. Test samples were cast in a 
chill mould and then heat-treated and machined. Investigations of the effect of chromium 
content in near-eutectic silumin on its strength were carried out in the range from 0% to 
1.75% of chromium.  

It has been found, that in the case of increasing the chromium content ranging from 0% to 
0.6%, the strength increased from 200 MPa to 490 MPa. After crossing the Cr content of 
0.6%, the strength rapidly decreased until 110 MPa with Cr content of 1.75%. At the same 
time, with the alloy chromium content increase, elongation of 0.95% at zero chromium level 
was reduced to the relative elongation equal zero at the chromium level of 1.2%. With further 
increase of the chromium content, the silumin sample acted like a fragile body. 

Fig. 4 shows the changes of the strength as the function of temperature and Fig. 5 the changes 
of elongation as the function of temperature, in relation to the silumin alloy, containing 0.6% 
Cr. As can be seen, during heating of the sample to a temperature of 350°C, the strength of 
the material systematically decreased and the elongation increased. To reach a temperature of 
150°C the rate of change was small, but there has been a sharp rise above a temperature of 
150°C. 

 

 
 

Fig. 4 - Influence of aluminum contents in near-
eutectic silumin on tensile strength as a temperature 

function 

Fig. 5 - Influence of chromium contents in near-
eutectic silumin on elongation as a temperature 

function 
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When adding molybdenum to eutectic silumin, the strength increased with increasing 
molybdenum content up to 0.5% Mo, from 200 MPa to 480 MPa. After exceeding the 0.5% 
molybdenum content, the strength decreased to 200 MPa at a content of 1.4% Mo. In contrast, 
the relative elongation value at the increased molybdenum content, decreased from the value 
0.95 with 0.0% Mo content to the relative elongation value of zero at the content of 1.04% 
Mo. The hardness of the alloy increased with a molybdenum content increase, from hardness 
of 98 HB with a molybdenum content of zero to 139 HB with a content of 1.8% Mo. In 
studying the effect of temperature on the strength, in the range from 20°C to 350°C, two 
silumin alloys, one containing 0.2% Mo and the other one containing 1.1% Mo, the silumin 
alloy containing 0.2% Mo, reduced its strength to the value of about one-sixth, and silumin 
alloy containing 1.1% Mo, the strength decreased by the value of about 40%. 

The effect of addition of tungsten to near-eutectic silumin was similar as in the case of 
molybdenum. Strength of the alloy increased with a tungsten content, ranging from the 
210 MPa with zero tungsten content to 460 MPa with a tungsten content of 0.65%. Then the 
strength decreased, reaching a value of 215 MPa with a tungsten content of 1.4%. Elongation 
reached zero with tungsten content of 1.4% and grew linearly to the value of 0.96 when the 
content of tungsten in alloy was reduced to the value of 0.05%. Silumin hardness increased 
with the increase in tungsten content, from 98 HB with a content of 0.05% W to 139 HB with 
a content of 1.4% W.  

Tests were also carried on impact of other alloying elements to the near-eutectic silumin on 
the strength of the alloy, wherein on these samples the metallographic examination and 
thermal expansion and dimensional stability testing were also conducted. Based on the 
analysis of the test results, it was found that the most promising appears to be silumin alloy, 
containing 4% Ni and 4% Cu and small additives of other refractory elements, such as Cr, Co, 
Mo, W, and V. For testing, samples were prepared containing 2% Ni, also 4% Ni and 4% Cu 
and varying amounts of Co, Cr, Mo, W. Fig. 6 shows the tests results of strength as a function 
of temperature for these two silumin alloys. 

 

  

Fig. 6 - Tensile strength versus temperature for 
novel alloy  

Fig. 7 - Tensile strength of near-eutectic silumin with 
different Co, Cr, Mo contents as a temperature 

function (4% Ni and 4.5% Cu) 
 

The drawing shows, that increasing alloy nickel content from 2% to 4% caused a 65% 
increase in strength at room temperature, while at temperature of 350°C, the strength of alloy 
containing 4% Ni was higher by 91%.  
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Fig. 7 shows the dependence of the tensile strength of silumins, containing 4% Ni, 4.5% Cu 
and the different content of alloying elements, such as Co, Cr, Mo, W: 0.5%, 0.25% and 
0.1%. Fig. 8 shows the dependence of elongation versus temperature for these alloys. In turn, 
Fig. 9 shows the dependence of the hardness on temperature with regard to alloys, such as 
before. 

 
 

Fig. 8 - Elongation of near-eutectic silumin with 
different Co, Cr, Mo contents as a temperature function 

(4% Ni and 4.5% Cu) 

Fig. 9 − of near-eutectic silumin with different Co, Cr, 
Mo contents as a temperature function (4% Ni and 

4.5% Cu) 

The results show, that with the increase in temperature, almost linear decrease in tensile 
strength and hardness appears. Interestingly, samples containing more alloying elements have 
higher strength and hardness than those containing less alloying additives but in contrast, as 
the temperature increases, the strength of the samples containing more alloying elements 
decreases faster than samples containing smaller amounts of alloying elements.  

 

Fig. 10 − Results of a hardness of near-eutectic silumin, containing 4% Ni, 4% Cu and 0.1% Cr, Mo, W, V 
modified with Sr, Ti, B 

Nevertheless, at any temperature up to 350°C, the strength of the samples will be greater the 
more alloying elements comprised silumin. As for elongation, its value increased with 
increasing temperature. The increase was small up to 250°C and rapidly increased after the 
temperature exceeds 250°C, reaching, in the case containing 0.5% Co, Cr, Mo, W − 2.8 times, 
in the case containing 0.25% Co, Cr, Mo, W −3,3 times, and in the case containing 0.1 Co, 
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Cr, Mo, W − 3.5 times. Fig. 10 presents the results of a hardness of near-eutectic silumin, 
containing 4% Ni, 4% Cu and 0.1% Cr, Mo, W, V modified with strontium, titanium and 
boron: in the rough-cast state, after various heat treatment methods, including a multi-stage 
methods. Differences in hardness for each sample approach the 40%. 

The results of strength and the hardness tests carried out of the cast samples at ambient 
temperature and at increased temperatures up to 350°C, show that the higher strength and 
hardness values were obtained for silumin, comprising high amounts of alloying elements. 
The strength of such silumin alloys was comparable to the strength of low alloy steels. This 
however required the use of large amounts of alloying elements. In selected to manufacture 
piston alloy, the content of alloying elements reached 22% (including the Si element content). 
Based on the effect of alloying element content on the alloy strength at room and elevated 
temperatures and the results of metallographic and the dimensional stability research was 
decided to choose the chemical composition and manufacturing technology of the research 
pistons. 

 

RESEARCH OF STRENGTH AND HARDNESS OF PISTON TEST SPECIMENS  

The chemical composition of the material, from which the new pistons were manufactured, is 
shown in Table 1. After determining the chemical composition of the composite silumin and 
the pistons manufacturing process, the experimental batch of the pistons was manufactured, 
from which the pistons for the strength tests were selected. Due to the specific dimensions of 
the pistons, the specimens could not be manufactured to the standard dimensions. Specimens 
were cut from the piston crown and piston skirt, from pistons made of the new composite 
silumin and from the old pistons, manufactured of PA12 alloy. The study allowed us to 
compare the strength properties of the new piston material and the old pistons alloy PA12. 
The tests determined tensile strength Rm, yield strength R0.2, relative elongation A5 and 
Brinell hardness HB at ambient temperature and at 250°C. Fig. 11 shows a sketch of a piston 
with marked sites from which specimens were cut out for the strength tests. Fig. 12 shows the 
specimen drawing, on which the tests were performed. Five specimens of each piston crown 
and 3 specimens of each piston skirt were conducted. 
 

 
Fig. 11 - Sketch of piston with marked sites for cut of the specimens  
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Fig. 12 - Sample for strength tests 
 

The averaged results of pistons material strength are shown in Table 3. 
 

Table 3 − Results of the strength tests at room and 250°C temperatures (mean values) 
 

Alloy Rm [MPa] Rp0.2 [MPa] A5 [%] 

PA12 371.0 320.8 3.7 

PA12 (250°C) 250.2 215.7 11.4 

Composite alloy  451 385 3.7 

Composite alloy at 250°C 364 299 5.7 

 

As shown by the test results, the pistons of the new material have a higher strength than 
pistons of PA12 alloy. These differences at room temperature are about 22% and at a 
temperature of 250°C about 45%. The decrease in the strength with heating specimens from 
20°C to 250°C has reached about 24% with respect to the composite material and about 48% 
for PA12 alloy. It should be emphasized that the spread of the results of the examinations in 
respect of tensile strength was small and at room temperature was about 9% for samples from 
new material and about 3% for samples from PA12 material. As regards elongation, its values 
at room temperature were the same for both materials (3.7%). At a temperature of 250°C, 
elongation of samples made from PA12 material was about two times greater than the 
samples made with the new material. Young's modulus of the new material was higher by 
about 5% since the PA12 Young’s modulus. The hardness of the new material was 
approximately 10% higher than that of the PA12 material.  
 

TESTING DIMENSIONAL STABILITY OF MATERIALS FOR PISTONS 

Pistons for internal combustion engines operate under changes in temperature and stresses, 
which leads to constant changes in dimensions. Dimensional changes are only possible within 
the existing clearances between the piston and the cylinder. Therefore does not should be a 
permanent change in dimensions because of heating and cooling of the piston. Permanent 
changes in dimensions may cause seizure or increase of the clearances between the piston and 
the cylinder. The desired dimensional stability may be achieved by appropriate choice of 
chemical composition of alloys and by a proper heat treatment.  
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Fig. 13 - Influence of Mg, Mn, Cu, Si, Cr, Fe on the 

thermal expansion coefficient of aluminum alloy 
Fig. 14 - Changes of thermal expansion coefficient of 

AlSi12Ni4Cu4Mg0.5CrMoWV alloy after heat treatment 

During the work on the development of the new pistons, one conducted comprehensive 
dilatometric research on pistons materials. During the test runs changes in dimensions of 
samples of materials were recorded during heating and cooling, in the engine temperature 
range, from 20°C to 330°C. Fig. 13 shows the changes of the thermal expansion coefficient 
and different chemical elements in aluminum alloys. The significant increase of coefficient 
during cooling can be seen, what leads to permanent dimensional changes of the material.  

Fig. 14 shows the changes of the coefficient of thermal expansion of the completely stabilized 
sample material on the pistons during heating and cooling. It can be seen that the sample 
coefficient of thermal expansion is identical during heating and cooling. Proper course of the 
coefficient was achieved by an appropriate choice of chemical composition and heat treatment 
of alloys. 

 

TESTS OF THE COMBUSTION ENGINE 

The final verification of the quality of materials and newly developed pistons were tests of the 
engines, equipped with new pistons. The investigations were carried out on the engine 
dynamometer bench, installed in the engine test cell. The pistons have the corrected outline 
external surface, obtained by mathematical modelling. The results of material and strength 
research also have been applied.  

 
Fig. 15 - Comparison of piston's dimensions for novel piston (right red) and standard piston  

On Fig. 15 the shape of the outer contour of the newly developed pistons to the shape of the 
outer contour of previously used pistons are compared. The performed correction allowed 
reduction of the clearance between the piston and the cylinder and the space between the 
piston and the cylinder in the area of the fire threshold by about 10-20%, which should have a 
positive impact on exhaust emissions of harmful gases.  
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The view of the novel pistons before engine tests is shown on Fig. 16. The pistons were 
carefully measured, whereupon one fitted them in the engine. After testing, the pistons were 
removed and measured to determine the pistons wear and cylinder wall interference 
signatures. 

After reaching the engine and conducting factory acceptance tests, the load characteristics 
were defined (at constant speeds) and external characteristics (full load for different engine 
speeds). During the tests were recorded: engine speed, engine load (torque), fuel 
consumption, oil consumption and characteristic pressure and temperature values at specific 
measurement points. Fig. 17 presents the engine on the test bench. The test stand was 
equipped with a set of modern measuring and recording instrumentation. 

  
Fig. 16 - Photo of pistons from novel composite alloy 

before engine tests 
 

Fig. 17 - The engine on test bench 

  

Fig. 18 - Comparisons of full-load power curves for 
engine with standard and novel (above) pistons 

 

Fig. 19 − Comparisons of full-load torque curves for 
engine with standard and novel (above) pistons 

 

  
Fig. 20 − Comparisons of full-load specific fuel 

consumptions curves for engine with standard (above) 
and novel pistons 

Fig. 21 − Comparisons of full-load HC curves for 
engine with standard (above) and novel pistons 
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The course of engine power as a function of engine speed at full load is shown in Fig. 18, 
Fig. 19 presents the course of engine torque and fuel consumption graph is in Fig. 20. The 
tests results show, what was achieved because of the new pistons: the increase in power and 
torque and a reduction in specific fuel consumption, a significant reduction emission of 
unburned hydrocarbons (HC), as shown in Fig. 21, as well as smoke opacity and exhaust 
blowby into the crankcase. Oil consumption was reduced by about 17% in comparison to 
pistons made of the PA12 alloy. 

 

CONCLUSIONS 

In the result of development work involving the studies: metallographic, dilatometer, strength, 
in the field of metallurgy, a new material was developed for the engine pistons - silumin 
composite. 

The new material has a very good dimensional stability and high strength properties and high 
hardness, both at ambient as well as elevated temperature. 

The use of mathematical modelling using experimental research allowed making a shape 
correction of the contour of piston external surface in the direction of reducing clearance 
between the piston and the cylinder. 

The research confirmed the high quality of the new pistons for engine, resulting in achieved 
by 2-3% higher engine power, increase in engine torque by 4%, reducing the specific fuel 
consumption by 4%, reducing HC emissions by 24% and carbon monoxide by 10-20%, 
reducing oil consumption by 17%, reducing engine exhaust blowby to the crankcase of the 
35-45%. 

The use of new pistons had the greatest impact on reducing exhaust blowby to the crankcase 
and reducing oil consumption and what goes with it, the emission of hydrocarbons. 

The samples of the pistons have the proper cooperation traces and very little wear of the ring 
grooves, compared with previously used pistons, due to the higher hardness of the new 
material and the preferred microstructure. 
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ABSTRACT 

Aircraft engines components, including high and low pressure turbine blades and vanes, made 
of nickel and cobalt based superalloys, during long-term operation, are exposed to mass 
forces at elevated temperatures as well as corrosive agents. These conditions cause very high 
quality requirements for castings, both in terms of dimensional requirements, surface 
condition, as well as micro- and macrostructure. Quality of supplied charge materials is of 
fundamental importance for quality of castings, as all the bad qualities of the alloy transform 
naturally to the casting.  

Keywords: superalloys, chemical analysis, investment casting, aerospace. 

 

INTRODUCTION 

Thermal-derivative analysis is used in the foundry industry in order to quickly identify the 
most important technological features of the casting alloy. This method allows to meet the 
actual material properties and to adopt technology to delivered alloy batch and its chemical 
composition. 

Tested nickel superalloys are prepared in the form of ingots according to chemical 
composition and requirements contained in relevant material standards. The main task for the 
supplier is to preserve these requirements with regard to acceptable tolerances. Therefore, 
individual supplies (melts) of the feed material differ in chemical composition in the range 
covered by standards. Greater differences can occur if dealing with an alloys from different 
suppliers. These differences may be due to melting procedure (technology), variations in the 
devices used in the process and various sources of input materials [1-5]. 

The differences described above affect the casting process. Even small differences in the 
temperature at which process undergoes, which is associated with solidification process, may 
impair developed casting. As a result, casting defects (eg. porosity) can be obtained that go 
beyond the standard limits values[6-8]. 

In meaning of the quality, the ATD test allows to catch alloys contaminated in the 
manufacturing process. Since inclusions and slagging, present in the alloy, interfere with 
solidification, ATD curve will present transformations that do not occur in the pure alloy. 
Similarly, one can pick up abnormalities in the chemical composition[9]. 
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Knowing temperature of the alloys phase transformations leads to assessment of their quality 
and allows comparison of them. With an appropriate ATD curves basis and results obtained 
for the individual melts it is possible to operate a process in such a way to obtain the best 
possible casting taking into account unique properties of alloy that was delivered[10-11].  

The following article presents ATD results for comparison of melts from one supplier and 
summarizes them with an alloy made according to the same standard but by another 
manufacturer. 

 

ATD TEST STAND 

ATD investigation was carried out in a vacuum induction melting furnace VSG 25P by 
Balzers (Fig. 1).  

 
   

    
 

Fig. 1 - VSG 25P vacuum induction melting furnace by Balzers. 
 

 
The research covered IN 713 C nickel-based superalloy provided in form of ingots weighing 
7.5-8.5 kg. Alloy was induction melted in a disposable crucible. The use of disposable 
crucible prevents contamination of the alloy with remnant from the previous process. After 
melting and temperature stabilization, inductor power has been turned off. Molten metal was 
cooled with continuous measurement of temperature of the alloy. The system remained in the 
furnace vacuum chamber to complete the study. For the measurement B-type thermocouple in 
the quartz glass housing was used. To register temperature data logger of the furnace was 
introduced. 

 

RESULTS 

Three different batch portions coming from different melts were used for the research  
(Tab. 1.) 

 
Table 1 - Alloys suppliers designations 

Supplier Supplier A Supplier B 

Alloys 
designations 

A1 
B 

A2 
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For the analysis, chemical composition obtained from the alloy supplier was used. Mechanical 
test consisted of tensile strength test at a temperature of 1800F with 22 ksi force. As a result 
of the test, time to rapture and elongation at break were given. In addition authors studied 
hardness of the material (Tab. 2.) 
 
 

Table 2 - Materials mechanical parameters 

Symbol Specimen Load [ksi] Temperature 
[F] 

Time [h] A4 % HRC 

Standard  22 1800 Min 23 Min 4 30-40 
A1 1 22 1800 81.0 7.0 38 

A2 1 22 1800 72.3 5.0 38 

B 1 22         1800 65.0 6.0 38 

 

 

Table 3 - Chemical composition of examined alloys. 

Comp Standard  masterheat A1 masterheat A2 masterheat B 

% min max Suppliers Investigation Suppliers Investigation Suppliers Investigation 

C  0.20 0.102 011 0.105 011 0.12 0.11 

S  0.015 5 ppm 0.001 6 ppm 0.002 00007 0.002 

Si  100 < 0.01 0.00 0.01 0.00 < 0.01 0.00 

Mn  1.00 < 0.001 0.00 < 0.001 0.00 < 0.02 0.00 

Al 5.50 6.50 6.11 5.73 6.10 5.75 5.92 5.88 

Co  1.00 < 0.05 0.01 < 0.05 0.02 0.03 0.04 

Cr 13.00 15.00 13.65 14.32 13.74 14.54 14.05 14.93 

Ti 0.75 1.25 0.82 0.89 0.81 0.90 0.89 0.96 

Fe  3.00 0.019 003 < 0.10 003 003 0.04 

B 0.005 0.015 0.010 0.012 0.011 0.013 0.010 0.009 

Mo 350 5.50 4.24 4.43 4.23 4.41 4.36 4.52 

Zr 0.05 0.12 0.06 0.06 0.06 0.07 0.08 0.08 

Nb+Ta 1.00 3.00 2.18 2.31 2.17 2.37 2.30 2.49 

Cu  0.50 < 0.001 0.00 < 0.001 0.00 < 002 000 

Bi  0.5 ppm < 0.2 ppm < 0.3 ppm < 0.2 ppm < 0.3 ppm < 0.1 ppm < 0.3 ppm 

Pb  10 ppm < 0.5 ppm < 0.5 ppm < 0.5 ppm < 0.5 ppm < 0.2 ppm < 0.5 ppm 

Se  3 ppm < 0.5 ppm < 1 ppm < 0.5 ppm < 1 ppm < 0.1 ppm < 1 ppm 

Te   < 0.2 ppm < 0.5 ppm < 0.2 ppm < 0.5 ppm < 0.1 ppm < 0.5 ppm 

Tl   < 0.2 ppm < 0.2 ppm < 0.2 ppm < 0.2 ppm < 0.2 ppm < 0.2 ppm 

Ni+Co  remain remain remain remain remain remain remain 
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RESULTS ANALYSIS 

(a) (b) 

  
Fig. 2 - (a) Liquidus and (b) solidus temperature of investigated alloys. 

 
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 
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(i) (j) 

  
Fig. 3 - Different elements content in various alloys: (a) carbon, (b) sulphur, (c) aluminum, (d) chromium, 

(e) titanium, (f) iron, (g) boron, (h) molybdenum, (i) zirconium, (j) niobium and tantalum. 
 
 
 

(a) (b) 

  
(c) (d) 
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(e) (f) 

  
(g) (h) 

  
(i) (j) 

  
Fig. 4 - Impact of different elements on liquidus and solidus temperature: (a) carbon, (b) sulphur, 
(c) aluminium, (d) chromium, (e) titanium, (f) iron, (g) boron, (h) molybdenum, (i) zirconium, (j) 

niobium and tantalum. 
 

 
 (a) (b) 
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(c) (d) 

  
Fig. 5 - (a) Liquidus temperature effect on time to rapture, (b) Solidus temperature effect on time to rapture, 

(c) liquidus temperature effect on elongation, (d) solidus temperature effect on elongation. 
 
 
CONCLUSION 

Although examined alloys differ in chemical composition, each of them is compatible with 
the standard and the content of individual elements is within the required tolerance. 

For most elements, their content is similar to content in the casting from a single supplier. The 
exceptions are S, Fe and B.  

Alloys from a single supplier also are characterized by similar liquidus and solidus 
temperature values which is consistent with chemical composition of this melts. 

Materials having different liquidus and solidus temperatures have different mechanical 
properties. However, to define this dependence, there is a need to increase amounts of data to 
be analyzed. 

B alloy is characterized by higher carbon content, lower liquidus temperature and higher 
solidus temperature.   

A1 and A2 alloys, which are characterized by higher liquidus and lower solidus temperature, 
have improved tensile strength at elevated temperature. 

Lack of correlation between sample elongation and liquidus and solidus temperature. 
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ABSTRACT 

In this study PA nanofibers, with novel morphological properties, were developed via a newly 
designed electrospinning apparatus which allows a greater control on the oscillation of the 
electrospinning jet. 

Keywords: PA nanofibers, electrospinning, polymer, protective barriers.  

 

INTRODUCTION 

It is common knowledge that electrospinning is an effective process to produce nanofibers. 
Amidst many other emerging applications the production of filters, membranes, composite 
reinforcement, drug delivery, protective barriers, sensors, wound dressings and tissue-
engineered scaffolds produced with this technology is already a consolidated market. 
Nanofibers are valued for their small pore size and high surface area. The electrospinning 
process results from the ejection of a polymer fluid jet, from a capillary by the action of a 
strong electrostatic force, and its deposition onto a grounded target. An electrospinning 
apparatus, in its basic form, is comprised by a support containing the polymer solution 
(pippete or syringe), a pump, two electrodes, a DC voltage power supply in the kV range 
(typically 5kv to 25kv) and a grounded collector medium. 
 
RESULTS AND CONCLUSIONS 

PA 6 and PA 6,6  polymeric solutions were prepared by dissolving each polymer into a 
mixture of 50% ratio of formic acid (Merck) and 50% of acetic acid (Sigma Aldrich). 
Afterwards 1% of NaCl was added to increase the electrical conductivity of the attained 
solution. The final mixtures were magnetically stirred (300rpm) and heated at 30ºc and 60ºc, 
respectively, to assure a homogeneous spinning solution. PA 11 was dissolved in 98% formic 
acid under magnetic stirring and heated at 90ºc for two hours. All solutions were cooled at 
room temperature prior being used in the electrospinning process. The main required features 
of the solutions are described in Table 1. 

Table 1 - Characterization of the used polymeric solutions. 

Polymer Concentration  
% (m/v) 

Viscosity  
(mPA.s) a 23ºC 

Conductivity 
 (mS/cm) 

PA 6 
8 11,9 2,47 

10 14,1 2,59 

PA 6,6 
8 12,2 2,94 

10 14,6 3,02 

PA 11 
8 13,2 3.55 

10 15,7 3,82 
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Two power supplies Glassman models PS/ML40P07.5-22 and PS/ML40P07.G06 were used 
to apply voltages ranged from 8,3 Kv to 25Kv to the electrodes. Polymer solution was fed 
through a syringe Nordson model precision dispenser tip with 0,25 mm inner diameter using a 
Harvard Apparatus model PHD 2000 Infusion pump at a constant rate of 0,01 mL/min for the 
PA6 and PA6,6 polymer solutions and 0,03 mL/min. Three stainless steel rings with a 
diameter of 10cm each and a metallic fixed collector panel completed the experimental 
setup.(Figure 1). 

  
A 

  
B 

 
C 

Fig. 1 - Electrospinning process variants 

Our findings have demonstrated that the use of the novel electrospinning drafting system - 
experimental variant with increasing voltage - proved to be successful in the obtainment of 
thinner nanofibers with lower standard deviation and few beads formations. This fact can be 
explained by the tight control of the electrostatic field which, in turn, exerts a greater control 
over the inherent instability of the polymer jet along his travel from the needle tip to the 
collector panel and, consequently,  ensuring a more controlled nanofiber deposition  
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ABSTRACT 

This work deals with the processing through mechanical recycling and the process of 
injection of expanded polyurethane (PU) from residues of polymer blankets of ear plugs, with 
the intention of partially reuse in the industry this type of waste and decrease the disposal in 
landfills. For this purpose, physical mixtures of polyurethane (PU) from the ground ear plugs 
with high density polyethylene (HDPE) polymer (in the form of pellets) were injected. Then, 
flexural tests were carried out according to ASTM standard on the injected test specimens. 
The mechanical tests indicated that the addition of PU on HDPE maintains performance for 
flexural tests, even presenting a higher maximum deformation and flexural modulus when PU 
residue is added.  

Keywords: polyurethane residue, polyethylene, injection process, recycling. 

 

INTRODUCTION 

Polyurethanes (PU) are widely applied in medical, automotive, and manufacturing various 
products in industries (Howard, 2012). PU is obtained from the reaction of a polyol with an 
isocyanate type. The isocyanates act as precursors for the urethane bonds upon reaction with 
the hydroxyl groups of the polyols (Cregut, 2013). Other chemical compounds such blowing 
agents, crosslinking agents, chain extenders, surfactants and additives are used in the 
preparation of PU foams with the aim of conferring different properties and that make it 
difficult to recycle PU foams. The PU generated in the ear plugs manufacturing process 
comes from blending two different types of polyols with a toluene diisocyanate (TDI), as well 
as water as blowing agent and a catalyst. 

The final disposal of PU waste is a difficult for several years. Approximately 90% of all PU 
residue found in its various manufactures is still shipped to landfill. Studies show that the 
amount of PU discard is increasing over the years (Yang, 2012).  

In case of ear plugs foams, polyurethane (PU) wastes are currently discarded by an industry in 
the form of polymer blankets from the manufacturing process. These polymer blankets are of 
primary discards in the amount of approximately 8 tons of PU foam residue per month, only 
in this process of manufacturing ear plugs. Thus, this work proposed the milling of the PU 
foams of ear plugs and the physical mixing of these residues with the high density 
polyethylene (HDPE) for testing in an industrial injection process. An ARBURG injector was 
used, model ALLROUNDER horizontal S hydraulic. HDPE was purchased from Braskem and 
is already used by the industry for the molding of various products. The PU of the ear plug 
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was in the shape of a PU polymeric mat and was subjected to milling in industrial equipment. 
Subsequently, mixtures of PU ground with the HDPE were placed in the injector, obtaining 
specimens in the proportions of 2%, 5% and 7% by weight of PU ground in relation to HDPE. 
Injected test specimens were subjected to flexural tests, according to ASTM D790. A total of 
12 specimens were performed for flexural tests on a testing machine, EMIC brand. The results 
obtained were statistically analyzed with software MINITAB, version 17. Statistical method of 
multiple comparisons of Tukey was used. 

 

RESULTS AND CONCLUSIONS 

The results from the flexural tests are shown in Table 1. The results indicate a behavior 
similar to that found in the literature (Lu, 2013) for flexural strength of the HDPE. 

Table 1 - Flexural test results 

Injected 
Material 

Flexural Strength  
(MPa) 

Maximum Deformation  
(mm) 

Flexural Modulus  
(MPa) 

100% HDPE 21.84 ± 0.54 9.86 ± 0.35 275.88 ± 26.45 
HDPE + 2% PU 20.92 ± 0.76 10.42 ± 0.47 381.11 ± 23.01 
HDPE + 5% PU 22.18 ± 0.37 10.89 ± 0.44 397.34 ± 43.78 
HDPE + 7% PU 21.38 ± 0.29 10.55 ± 0.48 328.51 ± 67.29 

 

Tukey's comparison analysis for the maximum flexural deformation revealed two clusters of 
results. For this variable-response, there was a significant statistical difference when 
comparing the virgin material (HDPE) with the other three formulations tested (2%, 5% and 
7% PU), revealing that the mixture of PU and HDPE changed its flexural strength, increasing 
the maximum average. It was also possible to verify that the three formulations containing PU 
did not present significantly different performance between them.  

In the case of the flexural modulus, there was a statistical difference when comparing the 
virgin material (HDPE) with the other three formulations tested (2%, 5% and 7%), showing 
that the mixture of PU and HDPE changed its modulus of elasticity in flexion, increasing the 
mean when PU is present.  
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ABSTRACT 

In fiber concrete the mechanical properties are partly determined by the orientation and 
alignment of the fibers. In the poster, the fracture of beam specimen subjected to a three point 
bending test is compared to the fiber orientations. The beams are cut from a fiber concrete 
plate and the fiber orientations are measured by x-ray computed tomography. 

Keywords: fiber orientations, fiber concrete, fracture, x-ray tomography, bending test. 

 

INTRODUCTION 

Fiber concrete is becoming increasingly popular as a construction material, as it can 
potenially form a ductile concrete. The properties of the fiber concrete depend on the concrete 
recipe, the flow of the fresh concrete into the formwork, possible vibrating of the concrete and 
the fiber orientations (Herrmann, 2016).  

Fiber orientations in concrete are difficult to measure, it can be done in the hardened concrete 
using x-ray computed tomography (Suuronen, 2013; Herrmann, 2016) or analysis of slices of 
fiber concrete (Eik, 2013). Results of the x-ray computed tomography analysis of beam 
specimen cut from a plate will be presented, an example of a tomography image can be seen 
in Fig. 1.  

These beam specimen are subjected to a three point bending test and the results will be 
compared to the fiber distribution and a recently proposed theoretical model (Herrmann, 
2016). The comparison of the bending test will also be done with respect to the fracture 
pattern and fiber orientations. 

 

RESULTS AND CONCLUSIONS 

The results from the bending tests show that the presence of the fibers influences the fracture 
path. Both, amount and orientation of the fibers are relevant in this respect and can alter the 
crack path compared to unreinforced or rebar reinforced concrete. 
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Fig. 1 - Thresholded volume image and three orthogonal slices of an x-ray computed 

tomography scan of a fiber concrete sample 
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ABSTRACT 

This research analyses how magnetic particle distribution affects selected mechanical 
properties of magnetoactive elastomers. The composites were based on a thermoplastic 
elastomer matrix filled with 60 µm iron particles. Isotropic and anisotropic magnetoactive 
elastomers were subjected to a dynamic mechanical analysis based on cyclic tension via a 
modular DMA test stand. During the testing, a 430 mT magnetic flux, generated by an array 
of cylindrical permanent magnets, was applied to the specimens. The study revealed 
a pronounced relationship between the material’s internal structure and its response to 
a magnetic field. 

Keywords: smart materials, magnetorheological elastomers, MRE, MR effect. 

 

INTRODUCTION 

Magnetoactive elastomers (MAE), also commonly known as magnetorheological elastomers 
(MRE), are novel smart magnetic materials. Filled with magnetically active particles, such as 
iron, these composites change their properties (such as stiffness) when subjected to an 
external magnetic field. Such behavior, known as the magnetorheological effect (Kordonsky, 
1993), makes MAEs highly applicable in all areas connected with energy dissipation such as 
vehicle suspension systems, dampers, shock absorbers, etc. 

In this study the authors investigated influence of the filler particle arrangement in the matrix 
on the magnetorheological effect in magnetoactive elastomers based on a thermoplastic SEBS 
elastomer matrix (Tefabloc, Mitsubishi CPPE). Irregularly-shaped iron particles (ASC300, 
Höganäs AB) with the average size of 60 µm were used as the magnetically active compound. 
At the manufacturing stage a 400 mT electromagnet was used to create a polarized 
(anisotropic) filler structure in selected samples. Dynamic mechanical analysis (DMA) was 
performed on isotropic and anisotropic material samples with 20 vol.% iron content, via a 
modular test stand based on ElectroForce Multi-station TestBench from Bose. Standard flat 
specimens with a cross-section of 2x4 mm and a parallel length of 30 mm were subjected to 
cyclic tensile loading with 4 to 6% strain (fixed prestrain value of 5% plus a sinusoidal strain 
of 1%). Various loading frequencies, from 0.1 to 25 Hz, were used, with 1 Hz as the reference 
value. To observe the magnetorheological effect, a 430~mT magnetic flux acted on the 
specimens. It was generated by a custom-made Halbach array of cylindrical permanent 
magnets (Hiptmair, 2015), which made it possible to change the flux direction during the 
experiment (Fig. 1). The tests were conducted in a field parallel (0°) and perpendicular (90°) 
to the samples. 
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Fig. 1 - Scheme of magnetic flux direction change from parallel (0°, left) to perpendicular 

(90°, right) via rotation of cylindrical permanent magnets 
 

RESULTS AND CONCLUSIONS 

The DMA results, in the form of force-displacement graphs (hysteresis loops) at 1 Hz are 
shown in Fig. 2. The area of each loop represents the amount of energy dissipated by the 
material. It is clearly visible that the magnetorheological effect, in the form of hysteresis loop 
changes, is much more pronounced in anisotropic MAEs. The influence of the field direction 
was also observed, but mostly in the polarized materials. 

 

 

Fig. 2 - DMA results for the isotropic (left) and anisotropic (right) MAEs 

This research revealed a significant influence of magnetic filler distribution on the magnetic 
field-induced changes in the magnetoactive elastomers. The magnetorheological effect was 
observably higher in the materials with anisotropic (field-oriented) iron particle structure. 
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ABSTRACT 

Composite metal foams are an attractive solution due to their high specific energy absorption, 
thermal and sound insulation properties. Most manufacturing processes involve the inclusion 
of air or solid particles, that are posteriorly, removed to generate internal voids. However, 
there is a recent trend for the use of materials as permanent space holders. In this study, 
Lightweight Expanded Clay (LECA) is used as a space holder to obtain a metal matrix 
composite foam manufactured by casting (AlSi7Mg). Results show that smaller LECA 
particles promote lower yield strength, strain densification and crushing energy. Generally, it 
is found that this kind of composites show high values of specific compressive strength and 
may be a viable solution for structural applications. 

Keywords: aluminium, CMF, expanded clay, lightweight. 

 

INTRODUCTION 

Composite metal foams (CMF) have been the focus of many studies since the late 1920’s (e.g. 
Meller, 1926). Historically, it was found that bulk metals could be converted into a cellular 
form to obtain high specific characteristics (Czekanski, 2005) such as: energy absorption 
(Chen, 2015), thermal (Dyga, 2012) and improved damping (Lamanna, 2017). These 
properties are attractive in many applications, especially in railway, aeronautic, aerospace and 
automotive industries, due to their direct influence in energetic consumption (Bonani, 2014). 

Generally, these materials are produced using light-alloys, such as those based on Magnesium 
and Aluminium, and may be processed by gas injection in their melt, powder metallurgy or 
investment casting by the use of space holders (Banhart, 2013). On these last, it is common to 
use soluble materials such as salt (Vesenjak, 2016) or Carbamide (Bafti, 2013) that are later 
removed by immersion in water (Soni, 2015). However, there is a recent trend to use low 
density hollow spheres as a permanent space holder. These allow a very easy 
control/manipulation of density and pore size/shape, which have a crucial role in the overall 
mechanical properties (Nayyeri, 2017). Commonly, there are employed steel hollow spheres 
to accomplish this task, due to their inherent structural strength, capability of being densely 
packed and regular shape (Avila, 2015). 

Recent publications show another route to fabricate these kind of materials by the use of 
Lightweight Expanded Clay (LECA) as a permanent space holder (Bonani, 2014). Due to its 
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high porosity, these particles possess low density and reduced cost. Additionally, they are 
characterized by good thermal and acoustic insulation (Ardakani, 2014), are chemically inert 
and have been proved to be an excellent filler in concrete composites (Hubertová, 2013). 
Even though, there are reports concerning these metallic cellular composites, there seems to 
be a shortage of detailed information concerning their mechanical characterization and 
possible applications.  

In this study, the use of LECA is used as a permanent space holder in casted aluminium alloy 
composite foams. The referred samples were produced into cylindrical shapes using different 
LECA particle sizes and composite densities. These manufactured specimens were subjected 
to compressive testing to determine the influence of particle size and sample density in the 
overall static mechanical. 

 

METHODOLOGY 

In this section, there are described the procedures for the manufacturing, experimental 
characterization and comparison criteria for the determination of the influence of LECA 
particle size and sample density in the static mechanical behaviour of the described composite 
foams. 

 

(i) Materials  

LECA selection and dimensional characterization 

Lightweight expanded clay is by itself composed by a solid clay composition that was filled 
and expanded with gas bubbles and has a generic clay composition described in Table 1. 

 

Table 1 - LECA Chemical Composition 

Composition SiO2 Al2O3 Fe2O3 K2O CaCO3 MgO S Other 

Value (%) 61.95 17.91 8.18 3.90 5.39 1.38 0.57 Balance 

         

With the objective of determining the role of particle diameter and sample density in the static 
mechanical behaviour of this kind of composites, there were selected three sizes of LECA 
particles with a nominal diameter of 2, 3.5 and 6 mm (Figure 1). 

 

 
Fig. 1 - Comparison between three LECA particle diameters. 
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The cumulative probability normal distribution of LECA size and real mean sample diameter 
may be observed, respectively, in Figure 2 and Table 2. These particles that were used for the 
sample manufacturing are fairly uniform and reveal very approximate to the announced 
nominal diameter. 

 
Fig. 2 - Cumulative normal distribution of the LECA particles. 

 
Table 2 - LECA Particles real diameter. 

Nominal Diameter Real Diameter STD Deviation 

2 2.02 0.52 

3.5 3.49 0.50 

6 5.86 0.46 

 

Aluminium Alloy 

The composition of the commercially available AlSi7Mg alloy used in this work was 

evaluated by Optical Emission Spectrometry and is presented in Table 3. 

 

Table 3 - Aluminum alloy chemical composition. 

Alloy 
 Chemical Composition (%wt) 

Si Fe Mg Cu Mn Zn Ti Al Res. 

AlSi7Mg 7.44 0.13 0.58 0.07 0.07 0.05 0.11 Bal. 0.12 

 

ii) Experimental Procedure 

Figure 3 shows the experimental set-up used in the present work. The AlSi7Mg was melted 
and held inside the crucible at 700 ºC during 30 minutes for homogenization. The molten 
alloy was then degassed by Argon for 5 minutes and refined by addition of 0.2% of master 
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alloy (Al5Ti1B). Melt temperature was controlled within an accuracy of ±2 ºC. After 20 
minutes, the alloy was poured in the steel die (OD 40 mm) filled with expanded clay pre-
heated to 350 ºC. For all experimental condition there were poured 5 samples by the gravity 
casting.  

 
Fig. 3 - Composite production schematics. 

 

iii) Samples Characterization 

Density 

As-cast samples were machined to a final geometry OD 30 mm and cut into 30 mm length 
samples. The density of the metallic cellular composites was determined by measuring their 
final dimensions with a caliper (Mitutoyo Digimatic 500-170, accuracy 0.01 mm), to calculate 
sample volume, and determining their mass (VIBRA AJ-620 CE, accuracy 0.001 g). The final 
values of density was obtained by the simple algebraic ratio between sample mass and 
volume.  

Mechanical tests 

The produced samples were subjected to static uniaxial compression tests using an AMTEK 
LR50K Plus universal testing machine with a crosshead speed of 1 mm/min, a 50N pre-stress 
and stopped when a maximum 50kN load was reached. During the test, the dislocations and 
loads were recorded to calculate the instant values of sample strain and stress. 

 

RESULTS AND DISCUSSION 

Figure 4-a) shows the final shape of a produced cylindrical specimen. It may be observed that 
the highly machinability of the aluminium alloy generates a smooth finishing, while the 
fragile behaviour of the LECA particles promotes roughness by the collapse of their foamed 
interior. 
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Fig. 4 - Composite sample representation: a) post machined sample; b) top face particle distribution; c) three-
dimensional open cell detail; d) particle interaction schematics. 

 

Even though, the LECA particles were constrained by a steel net during the production 
process (see Figure 3), their low density (~0.27-0.55 g/cm3) compared with the liquid 
aluminium alloy (~2.40 g/cm3) and the overall turbulence during filling, generates a mixed 
open/closed cellular structure. Recurring to Figure 4-b), it may be observed that particles in 
contact promote an open structure, while the ones apart make a closed cell, this being further 
validated by Figure 4-c). In these last, it is clear that even a particle that seems to be a closed 
cell, may be in contact with another when a three-dimensional prospection is adopted. The 
complex process of particle dislocation during filling is represented in Figure 4-d). Initially, 
the LECA particles are in contact, promoting an open cell structure. However, due to 
turbulence and density mismatch they can move and if the compaction loads are not able to 
compensate these effects there is a tendency to form closed cell cellular structures. 

According to the samples dimensions and weight detailed in Table 4, there were calculated 
the values of density for the tested specimens. It may be observed that lower LECA particle 
diameters promote higher densities. These may be attributed to two main reasons: i) the lower 
absolute weight of smaller particles and ii) the higher standard deviation among smaller 
particle diameters (Table 2). The first motive implicates that smaller particles are more 
susceptible for dislocation during the aluminium alloy filling, while the second eases the 
progression of this flow. Thus, there is a slightly more elevated aluminium concentration of 
aluminium alloy concentration in the particle-particle boundaries. 

 
Table 4 - Sample average size, weight and density. 

Diameter 
(mm) 

Sample 

Diameter (mm) 

Sample 

Height (mm) 

Sample Weight 

(g) 

Density 

(g/cm3) 

Relative 
Density 

2 30,09 (± 0.21) 23,95 (± 0.09) 24,75 (± 0.53) 1,45 0.53 

3.5 30,07 (± 0.10) 31,00 (± 0.15) 29,93 (± 0.70) 1,36 0.50 

6 29,76 (± 0.20)     30,58 (± 0.17) 28,34 (± 0.90) 1,33 0.49 

 

Figure 5 represents the average composite stress-strain behaviour of the different particle 
diameter under uniaxial compression. It is clear that the particle, and consequently the 
density, has a primary role in the mechanical performance of the presented cellular material. 
However, all tested configurations present the three different stages that characterized a foam 
structure under compression. 
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Fig. 5 - Compressive stress-strain behaviour for different particle diameter. 

Initially the sample is balanced and is only constrained by a pre-load (Figure 6-a) that is 
negligible according to the point (a) in Figure 5. As small strains are imposed in the specimen, 
there is a proportional linear increase in stress values until the sample yields. Figure 6-b 
shows a post-yielded sample, in which its internal cellular structure is starting to progressively 
collapse in a secondary phase generally denominated plateau region. In this region, the 
internal ribs collapse by combined complex loading (Figure 6-c) states and, generally, 
although the values of strain are increased, the stress is fairly stable. During these phase, the 
internal structure of the LECA particles are also crushed by severe aluminium rib plastic 
deformation, losing their initial spherical cell stable configuration. Further increasing the 
referred compression strain implies that the original cellular LECA internal structure is lost 
and the remaining clay densifies as the aluminium cells tend to close (Figure 6-d). 

 

 

Fig. 6 - Example of sample behaviour during uniaxial compression test. 

Interpreting the data of Figures 5 and 6, it is possible to characterize the mechanical behaviour 
of this kind of composites (Table 5). It is apparent that an increase in particle diameter 
generates an elevation in yield strength, although the overall density is reduced. Given that the 
packing of LECA particles is similar for all diameters, this increase in elastic strength may be 
attributed to an increase of cellular rib thickness in absolute terms.    
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Table 5 - Detailed results of the uniaxial compression testing. 

LECA 

Diameter 
(mm) 

σy 

 Yield Strength 

 (MPa) 

Plateau 

Equation 

Plateau Stress 

STD Deviation 

(MPa) 

εd 

Densification 
Strain ( - ) 

Crushing 
Energy 

(J/m3) 

2 13.72 σ=58.67·ε +9,80 0.92 0.41 7.65 

3.5 18.95 σ=19.09·ε +15,74 1.21 0.42 8.42 

6 26.02 σ=29.52·ε +21,01 1.50 0.44 12.09 

This hypothesis is further supported by the analysis of the plateau region. Due to the higher 
loading support ability of thicker ribs, the composites with higher particle diameter provide a 
near constant stress plateau, due to a well distributed thru-length loading. Lower particle 
dimensions imply a localised deformation, in which the different cellular layers are collapsed 
progressively. This generates a gradual increase in stress, proved by the high slope in these 
samples plateau equation. However, this steady densification generates a smooth collapse, as 
shown by the data concerning the stress standard deviation relatively to the defined plateau 
equations. 

In terms of densification, the use of smaller particle and its increase in density due to further 
penetration of aluminium alloy during the casting process, seem to reduce the densification 
strain. Given that the cellular structure is only able to collapse until all LECA filled cells are 
crushed, as the relative amount of these structures is decreased, so does the allowable 
admitted deformation for this process to occur. 

Finally, in terms of energy absorbing capability of these composites, it is apparent that an 
increase of particle size is advantageous to elevate the crushing energy until the densification 
strain. This fact is further corroborated by the elevation in yield strength and constant plateau, 
where most deformation energy is absorbed. 

 

CONCLUSIONS 

Composite metallic foams have been produced recurring to LECA particles as a space holder 
to obtain a low cost cellular structure. It is shown that a successful procedure to manufacture 
such composites by gravity casting. This work explores the role of particle diameter in the 
overall composite density and mechanical behaviour. 

In conclusion, the different LECA diameters have a predominant role in the density and 
overall mechanical behaviour of the final composites. Generally, it is shown that smaller 
particles generate higher densities and consequently a reduction in the value of strain 
densification. Additionally, the use of higher particle diameter generates an elevation in yield 
strength and a more constant stress value during the plateau region. The referred mechanical 
characteristics allow higher values of crushing energy absorption in more elevated particle 
diameters. 
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ABSTRACT 

This paper reports an overview of advanced auxetic fibrous structures and composites for 
various industrial applications. Most recent developments in the area of auxetic fibres, yarns, 
textile structures and composites are reviewed. Innovations in terms of materials, design and 
structures, processing technologies and innovative applications have been critically reviewed. 

Keywords: auxetic structures, fibres, yarns, composites, Poison’s ratio, applications. 

 

INTRODUCTION 

Auxetic materials are a special class of materials having negative Poisson´s ratio (NPR), i.e. 
stretching of these materials in longitudinal direction results in widening in the transverse 
direction. Auxetic materials are becoming very attractive to the scientific community due to 
their interesting properties such as enhanced strength, better acoustic behavior, improved 
fracture toughness, superior energy absorption, damping improvement, and indentation 
resistance (Rana, 2016). Till now, different types of auxetic materials and structures have 
been discovered and manufactured both at micro and macro scales and owing to their 
advantageous features they are recommended for wide range of applications including apparel 
textiles (auxetic fibers, threads, functional fabrics, etc.), technical textiles (air filter, gasket, 
fishnet, fastener, shock absorber, sound absorber, etc.), aerospace industry (curved body parts, 
wing panel, and aircraft nose-cones), materials for protection (crash helmet, projectile-
resistant materials, shin pad, glove, protective clothing, car bumpers, etc.), bio-medical 
industry (bandage, wound pressure pad, dental floss, artificial blood vessel, drug release 
devices, etc.), in sensors and actuators (hydrophone, piezoelectric devices, miniaturized 
sensors), etc. (Rana, 2016). 

 

AUXETIC POLYMERS AND FIBRES 

Inspired by the natural auxetic materials, various polymers with auxetic characteristics such 
as liquid crystalline polymers, polytetrafluoroethylene (PTFE), ultrahigh molecular weight 
polyethylene (UHMWPE), etc. have been developed (Hong, 2016). Auxetic polymers such as 
UHMWPE exhibit nodule-fibril morphology in their microstructure, in which the extension of 
the fibrils in axial direction pushes the nodules in transverse direction, resulting in auxetic 
behaviour (Fig. 1). This kind of morphology has been imitated in fibre forming polymers such 
as polypropylene, polyamide and polyester, etc. through the use of special melt-extrusion 
process with optimized extrusion parameters. 
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Fig. 1 - (a) Nodule-fibril model and (b) microstructure of auxetic UHMWPE 

 

AUXETIC YARNS 

Auxetic yarns found diverse applications in various fields such as healthcare, body armour, 
blast curtains and filtration. (Hook, 2007). The type of auxetic yarn which has attracted 
tremendous attention recently is the helical auxetic yarn (HAY). This novel yarn structure has 
been produced using two components: an elastic core and a stiff wrap in the form of helically 
wound structure, as shown schematically in Fig. 2. When a tensile force is applied, the stiff 
wrap fibre gets straightened displacing the elastic core fibres. Consequently, the core fibres 
change their position and become wrapped around the wrap fibres (Fig. 3), resulting in a 
lateral expansion of the yarn dimension. Consequently, an auxetic effect is observed. 

 

 
Fig. 2 - Geometry of HAY  
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A similar type of yarn, called “double helix yarn” (DHY) was produced by Miller et al. by 
blending two fibre: a high modulus UHMWPE wrap fibre and a flexible low modulus 
polyurethane core fibre (Fig. 3). Under tensile force, DHY exhibited expansion of width and 
negative Poisson’s ratio of -2.1. (Miller, 2009) 

 

 

 

Fig. 3 - Structure of DHY (a: Free State, b: stretched state) 

 

HAYs have also been produced using a plying technique. In this process, two stiff and two 
soft yarns were plied together using a process shown in Fig. 4. The stiff and soft yarns are 
taken from bobbins arranged alternatively on a circular disc, which rotates and twists the 
fibres together to form the yarn structure. Once HAYs are formed, they are taken out from the 
production zone and wound on to a bobbin (Ge, 2016).  

 

 

Fig. 4 - Manufacturing process of plied auxetic yarn 
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The extent of auxetic effect exhibited by HAYs and resulting properties of auxetic yarn 
strongly depends on fibres diameters, elastic modulus, initial geometry and the applied strain 
(Zhang, 2016). It was observed that a higher difference in component moduli, a higher 
core/warp diameter ratio and a lower initial wrap angle resulted in an earlier and better auxetic 
behaviour. A larger core/wrap diameter ratio also resulted in higher dynamic storage modulus. 
However, a smaller core/wrap diameter ratio could lead to higher tensile strength and ability 
to absorb more energy. Energy absorption was also found to be higher in case of a higher 
initial wrap angle. Therefore, optimization of these parameters is highly essential to achieve 
required auxetic, tensile and energy absorption bcharacteristics  

 

FABRIC STRUCTURES 

A textile structure is highly demanding for wide range of industrial applications due to a 
number of advantages, i.e. tailorable mechanical and other properties, easy handling, high 
flexibility, drapability, energy absorption property, and so on. Current high end industrial 
sectors such as aerospace, defence, construction, etc. are demanding for materials with high 
impact and fracture resistance and energy absorption characteristics, along with excellent 
strength and stiffness. Composite materials developed using auxetic textile fabrics can be a 
suitable class of materials for these applications. Presently, different textile technologies have 
been used to produce auxetic fabrics, namely knitting, weaving and non-woven technology, 
among which knitting has been the most widely used technique for this purpose due to its 
huge flexibility.  

Weft-knitted auxetic textiles have been developed using different types of auxetic designs 
such as foldable structures, re-entrant hexagon structures, rotating rectangles, etc. Folded 
auxetic textiles have been produced through development of a three-dimensional structure 
formed using parallelogram planes of same shape and size that are connected together side to 
side in a zigzag fashion, as can be observed in Fig. 5 (Liu, 2010). While subjected to tension 
in vertical or horizontal directions, the inclination of each parallelogram changes with respect 
to the surface plane of the structure. This results in an opening of the whole structure leading 
to increased dimensions in both horizontal and vertical directions and NPR effect. Besides 
foldable structures, re-entrant hexagon and roating rectangles are other types of weft-knitted 
auxetic textiles already developed by researchers, as presented in Fig. 6 (Hong, 2011).  

 

 

Fig. 5 - Foldable auxtic knitted textiles: (a) three-dimensional structure; (b) unit cell (c) knit 
pattern (d) state of the fabric under tension 
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Fig. 6 - Auxetic textiles based on rotating squares (a,b,c) and re-entrant-hexagon design (d, e, f): 

schematic of knitting process (a, d), fabrics at free state (b, e) and fabrics under tension (c, f) 

 

AUXETIC COMPOSITES 

Different methods to fabricate auxetic composites include (a) using the angle ply method, in 
which the plies of laminated composites were organized in a certain sequence resulting in 
negative Poisson’s ratio in though-thickness direction (Jiang, 2015), (b) composites developed 
using impregnating DHY yarns with polymeric resin (Miller, 2012) (c) auxetic fabrics 
impregnated with polymeric resin (Stiffens, 2016) and (d) auxetic nanocomposites (Zhang, 
2013). 

Angle ply auxetic composite laminates have been produced through ply stacking of 
unidirectional prepreg sheets of epoxy resin impregnated continuous carbon fibers. Fabricated 
composite panels were poised, symmetrical laminates with the ply sequence of ±θ with 
respect to the reference direction (Fig. 7), where θ = 0, 10, 15, 20, 25, 30 and 40°. 24 fibre 
layers were used to produce these composites.  The composite laminates exhibited NPR for θ 
values in the range between 15 and 30°, according to the theoretical prediction. 

Another approach for producing auxetic composites is to produce textile fabrics using DHYs 
and subsequently, to impregnate the produced fabrics with a polymeric resin (as shown in Fig. 
8). In a recent study, DHY was produced using UHMWPE wrap yarns (diameter of 0.32 mm, 
Young’s modulus of 6 GPa and Poisson’s ratio of 0.5) and polyurethane core material 
(diameter of 0.64 mm, Young’s modulus of 53 MPa and Poisson’s ratio of 0.48) using an 
approximate wrap angle of 70º. Next, woven fabrics were produced using DHY weft yarns 
and meta-aramid warp yarns (approximately 475 dtex linear density). Auxetic composites 
were fabricated through impregnation of developed fabrics using silicone rubber gel. It was 
observed that a minimum of two layers of fabrics are required to generate the auxetic effect 
(Miller, 2009). 
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Fig. 7 - Ply stacking sequence in angle ply auxetic laminates 

 

Auxetic composites have also been produced by impregnating DHY fabrics with polyester 
resin. For this purpose, DHYs were produced with nylon monofilament core (0.7 mm 
diameter) and low tow count carbon fiber wrap (0.2 mm diameter) using different wrap angles 
(10º, 20º and 30º). It was noticed that the composites with higher NPR and stiffness could be 
produced using a smaller wrap angle (Miller, 2012). 

 

 
Fig. 8 - Production of auxetic composites from DHY 

 

However, the most recent and promising approach of producing auxetic composites is through 
impregnation of knitted auxetic textiles with polymeric resins. Very recently, composites 
were fabricated using weft knitted fabrics made from high performance yarns such as para-
aramid and ultra-high-molecular-weight polyethylene (Spectra) (Fig. 9). These auxetic fabrics 
were impregnated with epoxy and unsaturated polyester resins based on iso-phthalic acid. The 
produced composites with para-aramid fibres exhibited excellent impact strength and energy 
absorption characteristics and considered to be highly suitable for advanced technical 
applications (Steffens, 2016). 
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Fig. 9 - (a) auxetic fabrics produced using polyamide (PA), para aramid (p-AR) and hybrid 

yarns and (b) Poisson’s ratio of developed fabrics 

 

 

CONCLUSIONS 

Auxetic fibres, textiles and composites are still in the development stage. Although a few 
auxetic fibres and DHYs are commercially available, they are still expensive. On the other 
hand, auxetic textiles and composites are not currently being marketed by any company. In 
fact, still scientific investigations are going on for proper designing, production, optimizing 
and understanding these materials. It is believed that in the coming years these materials will 
be an important material of choice for many advanced technical applications. 
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ABSTRACT 

The effect of hydrophobic agent on rheological properties of modified plasters is analyzed in 
this paper.  Influence of time and external temperature (10, 20 and 30°C) on samples is 
examined. Main aim of rheological test is determination of flow curves, obtained by applying 
a succession of constant strain rates for short times. On the basis of the experiments 
performed, it can be concluded that the both time and temperature have very significant 
influence on rheological properties same as hydrophobic addition. A comparative 
measurement with pure metakaolin-lime plaster was done as well. 

Keywords: plasters, hydrophobic, rheology, time influence, shear stress, gel strength. 

 

INTRODUCTION 

The proper workability of fresh plaster has an important implication on its usability by 
different types of builders for different types of application. As workability is an important 
factor influencing the composition of the mortars, this has a very important direct and indirect 
influence on short term quality assessment, on long term performances and on its durability. 
Improve the scientific understanding of plaster rheology and the influence of lime is 
important as form of measuring workability of mortar for various applications. 

The rheological model should be able to make the link with the short term and long term 
properties of mortar and masonry. The most of rheological measurement have been performed 
with a MCR 300 rheometer. The main part is consisting parallel plates measuring system, 
because it is able to measure dispersions containing relatively large particles as well as 
samples with three-dimensional structures. Main aim of rheological test is determination of 
flow curves, obtained by applying a succession of constant strain rates for short times. The 
shape of the hysteresis loop is directly related to the experimental duration of the measuring 
cycle.  

Except of flow curve it was measured also viscosity, yield stress and gel strength. The yield 
value and plastic viscosity were determined from the descending part of the flow curve, 
according to the Bingham's model. Bingham models often only applies for limited parts of the 
flow curve if the tested materials have shear thinning or shear thickening flow behavior. 
Bingham model is dependent on the shear rate range for shear thickening materials 

 

RESULTS AND CONCLUSIONS 

Several hysteresis cycles were drawn during the time in dependence of three stage of external 
temperature (10, 20 and 30°C).  
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Fig. 1 - Down curves of hydrophobic plaster in depending on time 

 

Each of the hysteresis loop presents both up and down curves of shear-thinning type and the 
rheological behavior of these plasters is strictly thixotropic. Thixotropy has been considerably 
reduced by time influence. The obtained results have showed that the rheological behavior is 
the shear-thinning type. In the case of the all pastes the cycle shows a shape as the down 
curve lies on the lower shear stress side than the upper one, i.e. structure breaks down during 
this test. 

On the flow curves is very good illustrated influence of hydrophobic additions in lime plaster, 
which means gel strength and flow resistance is significantly lower (approximately about 
more than 30%). The flow resistance decrease with time during hydratation at both examined 
plaster. 
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ABSTRACT 

AlOOH - also called as boehmite - nanoparticle is a new and cost-effective alternative to 
modify and enhance the overall mechanical performance of fiber composites - especially 
those that are dominated by the matrix. This work investigates the static and thermal dynamic 
mechanical properties of AlOOH nanoparticle reinforced fiber composites, depending on the 
different nanoparticle concentrations and surface modifications. The results show that the 
AlOOH nanoparticle could remarkably increase the static and dynamic mechanical properties 
of the fiber composites at lower temperature, however, the high-temperature stability and 
dynamic mechanical properties are negatively influenced which is directly related to the 
binding intensity and characteristic of the nanoparticle with the epoxy depending on different 
modifications. The results provide a basis for the design and application of the nanoparticle 
reinforced fibre composites. 

Keywords: fiber composites, nanoparticle, mechanical property, thermal dynamic property. 

 

INTRODUCTION 

The final properties of the FRPs are determined by both matrix and fibers, as well as the 
interphase. Between them, however, the potential of the fibers is remarkably compromised 
due to the comparably much lower properties of the matrix. According to related studies and 
reports, the weight-to-stiffness weight-to-strength of the carbon fiber will be compromised in 
the composite laminate by about 60% and 30% separately [1]. Therefore, the potential 
mechanical properties of fiber could be brought better into the play by enhancing the stiffness, 
strength and also the fracture toughness of the resin matrix. Especially, high-performance and 
temperature-stable resin systems tend to be brittle, and also show high reaction shrinkage after 
curing. This issue, especially, is critical for low-viscous resin systems which are suitable for 
cost-effective liquid composite molding (LCM) processes. A promising and potential way for 
the improvement of these issues is the introduction of nano-scale functional fillers -simply 
called nanoparticles, to fabricate a multi-scale hierarchical composite material - synergic 
integrated from nano to micro scale components - with tailored property profiles. The nano-
scale functional fillers possess certain qualities that can change or adjust the overall properties 
of the composite part. By introducing effective nanoparticles into the composites, the critical 
properties of the fiber composites could be improved to exploit the fiber properties and enable 
more design freedom and light-weight potential.  

In LCM processes by injecting the matrix filled with nanoparticle into the fiber preform, 
fibrous or sheet-structural carbon nanoparticles - CNT, GNP and etc. could face severe 
filtration which leads to poor impregnation of the preform [2, 3], due to the large size in 
length or width of these particles which are critical to the filter grain/particle diameter ratio. In 
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the application in LCM processes, cake filtration is manifested by the partly volume capture 
due to the larger CNT or GNP length than the intra-fiber gaps of the textiles. As long as the 
particles are captured by the intra-fiber gaps, the permeability of the porous medium will 
greatly decrease, and at the same time the viscosity of the dispersion begins to rise due to the 
increased concentration of the particles. Therefore, the combined filtering and viscous 
resistance effect remarkably decrease the impregnation speed and quality. Gojny et al [4] tried 
a standard RTM technique to produce CNT/glass/epoxy multi-scale composite, and reported 
that it is a great challenge to manufacture a composite by resin with  nanotube contents of 
more than 0.5 wt%,  due to the enormous surface area of CNT/GNPs and the resulting  
increase in dispersion viscosity. 

In comparison, quasi-spherical nanoparticles are much easier to be dispersed in matrix, and 
also could be much easier to be processed by impregnation techniques - due to the much 
lower D/d ratio. Among the different quasi-spherical ceramic nanoparticles, silica (SiO2) 
nanoparticle is until now mostly investigated for application in FRPs [11, 12]. There are also 
some works that studied alumina (Al2O3) nanoparticle as functional fillers in epoxy[13, 14]. 
As a quasi-spherical ceramic nanoparticle, boehmite is an aluminum hydroxide (γ-AlOOH), 
which is often used as a precursor for many aluminum products. Boehmite particle is price-
efficient and the hydroxyl groups on the surface could be directly used as functional groups, 
or easily be modified to different functional groups (amine, acetic acid, milk acid etc) to 
generate a good chemical stability and improved particle-matrix adhesion by possible 
covalent connection. In comparison, there are hardly any works found that investigate and 
describe the critical processing aspects and the influence on the FRP properties by application 
of boehmite nanoparticles. Therefore, in this paper, the matrix-dominated properties - 
interlaminar fracture toughness (G1C), three-point-bending (transverse to fiber direction) and 
thermal dynamic properties of the AlOOH nanoparticle reinforced fiber composites are 
investigated. 

 

MATERIALS AND METHODOLOGY 

1) Fiber reinforcement: a quasi-unidirectional carbon-fiber (CF) textile (Style 796) 
from Fa. ECC is used. The textile has an average areal weight of 270 g/m2 (warp/0° direction: 
400 tex carbon fiber, weft/90° direction: 34 tex glass fiber for stabilization). The 
unidirectional fiber textile is selected as the fibers are mostly aligned in just one direction 
which is optimal to differentiate the influence of the fiber direction on the critical process 
parameters and final properties. 

2) Epoxy matrix: The commercial epoxy resin system LY 556 (DGEBA-type epoxy) 
with corresponding hardener HY917 (methyltetrahydrophthalic anhydride) and accelerator 
DY070 (1-methyl imidazole) from Huntsman Advanced Materials (Switzerland) GmbH is 
used. The resin, curing agent and accelerator are mixed at the recommended mass ratio of 
100:90:1. In order to assure a homogeneous mixture of the reactants, they are mixed using a 
Thinky Mixer ARV-310 planetary mixing machine at 1500 rpm under vacuum of 0.3 bar 
absolute pressure for 1.5 minutes, then at 2000 rpm under vacuum of 0.1 bar absolute pressure 
for another 1.5 minutes at room temperature. 

3) Boehmite nanoparticle: In this paper boehmite nanoparticles functionalized with 
acetic acid (CH3COOH), as shown in the following Figure 1, are investigated. The special 
functionalized boehmit nanoparticle are called as KE later for the simplification. The 
boehmite nanoparticles that are used in the study are provided by SASOL (DISPERAL®. HP 
14). 
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Fig. 1 - Schematic illustration of boehmite nanoparticle functionalized with Acetic acid (CH3COOH) 

4) Boehmite-epoxy suspension: as the basic nanoparticle-epoxy system, boehmite-
epoxy masterbatches with boehmite nanoparticles (primary particle size of 20nm) are 
dispersed into the epoxy matrix by 40 wt%, at the Institute for Particle Technology (IPAT)- 
TU Braunschweig. The x10%, x50% and x90% values of dispersed particle size within the 
produced masterbatch are separately 81 nm, 104 nm and 134 nm. For the experiments, the 
masterbatch is diluted with the epoxy matrix to the desired particle concentration with a 
planetary mixing machine (Thinky Mixer ARV-310) twice with the same parameters as 
describe before for the preparation of neat resin matrix. 

 

Fig. 2 - Particle size distribution of boehmite nanosuspension 

5) FRP laminate manufacturing 

Considering the increased viscosity of the particle-filled matrix and possible retention 
behavior of the nanoparticles, an out-of-plane impregnation method is applied, as shown in 
Figure 3. A high permeable flow medium is adjusted under the textile, by which the fluid will 
quickly flow through the flow media and impregnate the laminate in the thickness direction 
due to the high permeability difference between the compacted textiles and the flow media. 
By the applied out-of-plane impregnation strategies, a quick impregnation with homogenous 
particle distribution in the laminate could be achieved. 
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Fig. 3 - Illustration of out-of-plane impregnation process 
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6) Interlaminar fracture toughness 

Interlaminar fracture is a critical failure mode for laminated composite structures which 
occurs due to high out of plane loads where no fibers are present to resist loading. 
Delamination can occur due to tensile (mode I, G1c), shear load condition (mode II, G2c), or 
a combination of the both (mode III, G3c). In this research, the interlaminar fracture 
toughness of functional FRPs is investigated under mode I deformation. The tests are 
conducted by a Double Cantilever Beam (DCB) specimen according to the Airbus Industry 
Test Methods (AITM) “AITM 1-0005 / EN 6033  Fibre reinforced plastics - Determination of 
interlaminar fracture toughness energy - Mode I - GIc [15]”. The initial crack formed in the 
middle plane of the laminate is made by inserting a Teflon film with a thickness of 25 µm into 
the stacking process of the laminate. The universal material testing machine is also applied for 
the test. 

 

Fig. 4 - Schematic illustration of DCB specimens for G1c test 

The fracture surface after fracture tests is analyzed by high-resolution SEM to investigate the 
fracture mechanism of crack propagation in the functional FRPs. Samples are cut from the 
fracture surface in size of 10 mm × 5 mm. After cleaning with pressure air the samples are 
mounted on aluminum stubs. The fracture surfaces of the samples are then sputter coated with 
a thin layer of gold to avoid electrical charging. The micro-graphs are taken at various 
magnifications using a Field Emission Scanning Electron Microscope (FESEM) CamScan 
CS4. The effect of nanoparticle content and gradient on fracture properties under mode I 
deformation mode are studied. 

7) Three-Point-Bending 

The bending properties of the multi-scale FRPs are measured by three-point-bending. The test 
samples are prepared transverse to fiber direction, in order to differentiate the effect of 
nanoparticle on the matrix.  The test is conducted according to the standard DIN EN ISO 
14125 [16]: “Fibre-reinforced plastic composites: Determination of flexural properties”. The 
tests are carried out with a velocity of 1 mm/min. 

8) Dynamical mechanical properties (DMA) 

DMA tests are selected as they could provide a further information about how the material 
behaves under dynamic load - even combination with thermal (temperature) load. It could be 
seen as an important property criterion for application in a structure level in complex 
combination. DMA measurements are performed on DMA Q800 device from TA Instrument. 
Experiments are run with samples which have a size of about 35 mm × 10 mm × 3 mm (single 
cantilever). The aim of the measurements is to study the effect of the nanoparticles on the 
dynamic mechanical properties of functional FRPs. The samples are subjected to a 
temperature scan from 30 °C to 180 °C with a ramp of 2 °C /min. A fixed strain of 10 µm and 
frequency of 1 Hz are used in the measurement. 
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RESULTS AND CONCLUSIONS 

The results of the three-point bending and G1c properties are provided below separately in 
Figures 5 and 6, and it could be seen from the interlaminar fracture toughness and flexural 
properties that the influence of the boehmite nanoparticles are quite remarkable: there are 
about 32.61 % in the G1C fracture toughness properties. Moreover, the flexural modulus and 
strength increased about 38.14 % and 47.66%.  

 

Fig. 5 - Flexural properties versus boehmite nanoparticle 
concentration 

Fig. 6 - Interlaminar fracture toughness G1C versus 
boehmite nanoparticle concentration 

 

The acting mechanism of the nanoparticles can be revealed combining the microstructure of 
the fracture surfaces. The following Figure 7 shows the morphology of fracture surface from 
G1C test. It could be observed that matrix fracture surface between the two samples are 
totally different. The matrix by the unmodified CFRP system is rather smooth without much 
observable micro deformations or fractures. Nevertheless, the fracture surface of the boehmite 
nanoparticle modified CFRP structure showed an extreme rough microstructure with quite 
large area of debonding between the nanoparticle-matrix interface and plastic cavity growth. 
Therefore, it is reasonable to believe that main fracture mechanism by the boehmite 
nanoparticle modified CFRP structure is the debonding between the nanoparticle-epoxy 
interface and the crack pinning/bridging by the nanoparticles.  

 

  

Fig. 7 - CFRP G1c fracture surface by FESEM. Left: unmodified sample; Right: modified with 15wt% 
boehmite 
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Besides the static properties at room temperature, the dynamic mechanical properties under 
combined mechanical and thermal loading could provide further information about the 
nanoparticle-modified FRP structures under complex load conditions. At the same time, it is 
also possible by the DMA analysis to obtain some further information about the fiber-matrix, 
nanoparticle-matrix interfacial properties and temperature stability. 

According to the dynamic mechanical properties (transverse to fiber direction), as shown in 
the following Figure 8, it is obvious that the storage modulus of the FRP structures at lower 
temperature are increased depending on the increase of boehmite concentration, similar to that 
of statistic mechanical properties. However, the high temperature stability of the FRP 
structures is decreased with increasing nanoparticle concentration: the higher the 
concentration of the boehmite nanoparticle, the earlier begin to drop the storage modulus 
(Figure 8left), similarly, the peak of the tangent delta also showed an decreasing trend (Figure 
8 right) - indicating a decrease in the Tg of the structure. The similar decreasing trend in Tg 
was also shown in the curing kinetics investigation of the boehmite-epoxy suspensions. It is 
clear that the boehmite nanoparticle that are used for the investigation showed an adverse 
effect on the high-temperature stability of the FRP structures. 

 

 
 

Fig. 8 - Dynamic mechanical properties of the boehmite-nanoparticle modified FRPs; left: storage modulus 
vs. temperature, right: Tangent delta vs. temperature 

 

It was already previously shown by the investigation of curing kinetics that the boehmite 
nanoparticles could react with the epoxy to build covalent chemical connections. However, it 
needs to be noticed that the high-temperature stability is decided by the intensity and density 
of the chemical connections after full cure. It seems that, even if the boehmite-nanoparticle 
could build covalent chemical connections with the epoxy, but the intensity and the density of 
the polymerization is weaker than that from the epoxy and anhydrite curing agent, which 
leads to a decreased stability at high temperatures. Nevertheless, combining the results on the 
statistic mechanical properties and observations on the fracture surface, the weak chemical 
bonding between the nanoparticle and the epoxy, in a certain degree, seems to provide 
positive influence on the fracture toughness and other similar mechanical properties of the 
FRP structures. As the introduced weak interphase provide potential path where the crack 
propagation could be deviated very effectively, to transform the possible brittle failure to 
more ductile failure - higher fracture toughness. Therefore, it is reasonable to believe that the 
main mechanism by the boehmite nanoparticle modified CFRP structure is the energy 
distribution and consumption due to the weaker nanoparticle-epoxy interfacial strength where 
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the cracks could be deviated and bridged due to the nanoparticle-epoxy debonding. Therefore, 
the matrix showed an increased ductile behavior which could absorb and consume extra 
fracture energies. Therefore, the stress concentration on the fiber-matrix interface is 
remarkably reduced, showing much lower fiber-matrix debonding failure. The increase in the 
interlaminar fracture toughness could be well explained by these effects, as the increased 
interface and interphases with the nanoparticles could provide potential path for crack 
propagation by pinning, bridging effects, showing a ductile fracture behavior with increased 
fracture toughness compared to the brittle failure in the neat matrix samples. 
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ABSTRACT 

This work describes the investigations on the sintered nanostructured materials, especially 
tungsten carbide (WC). The novel method of hot pressing of nanopowder in vacuum with the 
applied electrical provided the material of advantageous characteristics compared to the 
typical hot pressing. The sintered material revealed grain size mainly below 1 µm, almost no 
porosity, and high strength. 

Keywords: nanopowder, powder metallurgy, compaction sintering, tungsten carbide. 

 

INTRODUCTION 

It has been generally confirmed by various investigations that the nanostructural ceramics 
reveal unique characteristics because of its principally different structure compared to the 
large-crystal analogous materials (Хасанов, 2001). One of the most important stages of the 
nanoceramics fabrication is the forming of the desired shape out of the nanopowder.  

Sub-micrometer and nanometer dimensions of the structural elements (grains and their 
aggregates) provide the increased crack resistance or plastic flow, straightness and hardness of 
the ceramics and composites with potentially achievable parameters of the “ceramic steel.” In 
the functional ceramics, e.g. piezo-, segneto-, dielectrics, superconductors etc., the 
electrophysical and magnetic characteristics are improved, as well as the other properties. 
Thus, it is important to work out some new competitive technologies able to produce various 
elements out of the nanostructural ceramics, like a microwave sintering (Sharma & 
Majumdar, 2016) or a pulse electric current sintering (Leon & al., 2014). The present paper 
introduces the novel hot pressure sintering method under high voltage electric current. 

 

PROBLEM TO BE SOLVED 

In the nanoceramic technology, one of the most important stages is the forming of the high 
quality pressed elements of various designed forms out of nanopowders. The nanopowders 
prepared for the sintering of nanoceramic materials (often very complicated ones) reveal the 
metastability of the structural and phase states, as well as the developed specific surface. This 
leads to the increased surface activity and inclination towards the agglomeration process. The 
dust-like nanopowders perform rather poor forming and compaction characteristics because of 
their physical and chemical properties. In particular, the problems are generated by high 
interparticle friction and the friction of the powder particles on the walls of the mould caused 
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by the large specific surface, as well as the agglomeration. Thus, the task to be solved is to 
ensure the steady distribution of the material density around the mould, to keep the 
nanostructure under the pressure, and to provide the proper conditions for the grain growth 
inhibition. It is crucial also to provide the chemical purity and required phase composition of 
the ready detail. In that context, it is undesirable to add any plasticizer because of potential 
chemical additions and undesirable increase of porosity. The application of pulsed electrical 
current was found useful in two-step sintering process of transparent Al2O3 ceramics (Nanko 
& Dang, 2014). The sintering in vacuum and under hydrogen atmosphere was a subject of 
investigation, too (Champion, 2008). The below proposed method with direct application of 
electrical current in vacuum, provides the ability to keep all those conditions in case of the 
tungsten carbide hot pressing. 

 

PROPOSED SINTERING METHOD 

The novel method was worked out, and the device prototype was made. It was based on the 
hot press vacuum method, but the high voltage electrical current was applied directly to the 
sintered powder in the mould. The scheme of the device is presented in the Fig. 1, where 
number 1 marks the water cooled electrical block, and 2 the special sealing.  

 

       

Fig. 1 - The scheme (left) and the view (right) of the hot press vacuum camera for the 
nanopowder sintering under the electrical current 

 

The pieces of previously tableted tungsten carbide (WC) underwent the hot pressing in the 
vacuum of ca. 1 Pa absolute pressure. The Fig. 2 presents the picture of applied tungsten 
carbide of Tizit type made with the plasmochemical method.  

The parameters of the sintering process were determined according to the specimen shrinkage 
and the specific acoustic emission. Since the maximal pressure for the applied graphite MPG 
type (Ukrainian nomenclature МПГ-7) was 50 MPa at the temperature above 1200°C, thus 
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the piston of diameter d=20 mm provided the maximal pressing force 45 MPa. The shrinkage 
was finished at the temperature 1700°C. The Fig. 3 shows the graph of the registered 
temperature during the sintering process. 

 
Fig. 2 - The tungsten carbide (WC) powder before hot pressing  

 

 
Fig. 3 - Temperature diagram during the tungsten carbide hot pressing  

 

As it is seen in the diagram, the temperature is rising just for a few minutes, which means 
decreased energy expenses of the entire sintering process. Moreover, the high speed heating 
shortens the flow of vacancies, which decreases the dimensions of large pores and restrains 
the growth of the grains. At the same time, porosity decreased alongside the grain boundaries 
leads to the increased boundary mobility. As a result, the pure thin nanopowders become 
more sensitive to the heating.  

 

RESULTS AND DISCUSSION 

The density ρ of the obtained details was measured with a hydrostatic method. Moreover, the 
obtained material underwent analysis of its characteristics, above all the Rockwell hardness 
HRA, the flexural strength σf and the dominating grain size dg obtained at different 
temperatures and pressures. The Table 1 presents the results of the measurement of the 
sintered specimens. 
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Table 1 - Measured parameters of the sintered specimens 

No. P [MPa] t [°C] ρ [g/cm
3
] HRA σf dg [µm] 

1 40.0 1700 96.2 93 530 0.350 

2 50.0 1730 99.0 95 720 0.420 

3 50.0 1800 99.2 95 670 0.750 

 

The results of the sintered material analysis revealed highly desirable characteristics. The 
grain size stayed mainly below 1 µm, with very little porosity, almost negligible. That may 
explain why the flexural strength values were so high, up to σf = 720 MPa. It is very 
advantageous compared to the results obtained for the high temperature sintering at T = 2500 
°C and P = 12 MPa during t = 10 min, where the grains were ca. 2-5 µm and the flexural 
strength values were between 350 and 520 MPa (Niihara, 1984).  

From the Table 1 it is seen, however, that while the sample No. 2 has got substantially better 
characteristics than the sample No. 1, sample No. 3 does not appear more advantageous. In 
case of the flexural strength, for instance, it got worse than the sample No. 2. It may be 
assumed that the increase of sintering temperature over 1750°C is not desirable.  

 

CONCLUSION 

This study shows that the directly applied electrical current results in highly improved 
characteristics of the sintered nanoceramics. The hot pressing is performed at lower 
temperature than usually and lasts shorter, but the obtained materials reveal advantageous 
features, among others almost no porosity and high density, small grain size and high 
strength. Moreover, the increase of the sintering temperature over 1750°C may result in some 
worsening of the sintered material strength, so the optimal parameters of the method do not 
contradict with economical factors. 
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ABSTRACT 

Nanotechnology focuses primarily on the characterization, manipulation, manufacture and 
application of materials with extremely small dimensions, in a nanoscale. The unique 
properties of engineered nanomaterials are an unquestionable advantage for technological 
applications. However, there is a need to proceed responsibly because published toxicological 
studies demonstrate that some nanomaterials have the potential to cause adverse human health 
effects [1]. In order to prevent these possible negative effects, PROCETS “PROtective 
composite Coatings via Electrodeposition & Thermal Spraying” project, takes advantage of 
the use of nano-particles and nanostructured powders for production of composite coatings, 
applying the Safe-by-Design to achieve coating materials with minimum risks for health of 
those who will be expose to them, through the handling or use, and for the environment. 

Keywords: engineered nanomaterials, nano-particles, safe-by-design. 

 

INTRODUCTION 

Wear and corrosion of materials causes losses of 3-4% of GDP (gross domestic product) in 
developed countries [2]. Every year, billions of Euros are spent on capital replacement and 
control methods for wear and corrosion infrastructure [3]. Hence, the main target of the 
PROCETS project is to eliminate the use of hard chromium in the European industry 
producing a suitable alternative in the form of innovative composite coatings as replacements 
to hard chromium and Co-WC coatings that presents severe environmental and health 
hazards. This development is based on the incorporation of nano-particles in the existing 
electroplating and thermal spray (TS) production techniques lines. 

Consequently, there is the necessity of finding new, less hazardous methods and materials 
exhibiting the same or better performance compared to existing ones. The PROCETS project 
will take advantage of the use of nano-particles for production of composite coatings with 
superior properties compared to those of HC produced by electroplating or to Co-WC 
produced by TS. These novel nano-particles will be incorporated into existing production 
lines after appropriate modifications. Thus, PROCETS aims to deliver protective coatings 
covering a wide range of applications such as automotive, aerospace, metal-working, oil and 
gas and cutting tools industries via TS and electroplating methods by utilizing more 
environmental friendly materials, compared to the currently used. The concept of PROCETS 
is schematically presented in figure 1. 
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Fig. 1 - Schematic concept of PROCETS 

 

RESULTS AND CONCLUSIONS 

Currently, and based on the literature review, there are many outstanding challenges that need 
to be addressed before product designers can fully apply these principles and make informed 
decisions about nano-particles. 

As mentioned above, PROCETS project aims deliver protective coatings based in 
nanoparticles, covering a wide range of application, with the replacement of the hazardous 
process of hard chromium plating and WC-Co coatings via thermal spray by utilizing more 
environmental friendly materials. To achieve this goal, will be: 1) verify the compliance with 
standards of all project results, namely REACH, and defining the specific actions to direct the 
development activities toward the standards; 2) performed a risk management process 
following the principles and guidelines of the standard ISO 31000 and 31010; 3) performed a 
completed Life Cycle Assessment (LCA); 4) promote safe practices, based on the available 
information and literature, during electroplating and thermal spray coatings production 
(industrial scale), and identify the safer final products according to chemical and physical 
characterizations performed across the duration of the project.  
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ABSTRACT 

In this work the atomic-scale finite element method (AFEM), proposed by Liu et al. (2004), is 
used to describe the mechanical behaviour of graphene sheet having armchair edges. 
Nanomaterials as graphene sheet, carbon nanotubes (CNT) (IIjima, 1991), require many-body 
potential formulations. In this work the Tersoff potential is considered. Initially, in order to 
validate the AFEM implementation, the force-strain curve of perfect graphene sheet will be 
compared with molecular dynamics (MD) LAMMPS code. Additionally, the influence of the 
presence of crack on the ultimate tensile strength of graphene will be studied considering four 
different sized meshes. 

Keywords: AFEM, graphene, Tersoff, armchair edges. 

 

INTRODUCTION 

Graphene as carbon nanotubes (CNT), are found to possess superior mechanical, electronic, 
thermal and optical properties [The Royal Society and The Royal Academy of Engineering, 
2004]. AFEM, proposed by Liu et al. (2004) has been used to model the mechanical 
behaviour of graphene sheet. AFEM uses both first and second derivatives of system energy 
in the energy minimization computation.  

Tersoff potential, proposed by Tersoff (1987), is used to study the mechanical behaviour of 
graphene sheet, as well as the effects of vacancy defects on the mechanical behaviour. In this 
potential, the internal force between two atoms depends on their separation distance, ijr  and 

it’s based on the relative position of second nearest-neighbor atoms. The energy stored on the 
bond between atoms i and j is given by, 

 

( ) ( ) ( )R A
ij c ij ij ij ij ij ijV f r V r +B V r =       (1) 

 

RESULTS AND CONCLUSIONS 

In order to validate the AFEM implementation, the force-strain curve of perfect graphene 
sheet, as shown in Figure 1(a), will be compared with molecular dynamics (MD) LAMMPS 
code. The curve obtained from AFEM shows good agreement with the curve obtained from 
MD, as shown in Figure 1(b). 
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(a) (b) 

Fig. 1 - (a) Graphene sheet, (b) force-strain curves obtained from AFEM and MD 
 

Figure 2 shows the stress-strain curves of the graphene sheets obtained from AFEM under 
uniaxial tensile loading. The crack of length is set as 1.4 nm, and the size of graphene sheet is 
increased from 5 nm x 5 nm to 14.5 nm x 14.5 nm.  

 
Fig. 2 - Stress-strain curves obtained from AFEM 

 

ACKNOWLEDGMENTS 

The research leading to this article has been funded by the São Paulo Research Foundation 
through grants 2013/08293-7 (CEPID). The support of CNPq and Unicamp is also gratefully 
acknowledged. 

 

REFERENCES 

[1]-Liu B, Huang Y, Jiang H, Qu S, Hwang KC. The atomic-scale finite element method. 
Comp. Meth. Appl. Mech. Engrg, 2004, 193, p. 1849-1864. 

[2]-Dewapriya MAN. Molecular dynamics study of effects of geometric defects on the 
mechanical properties of graphene. M.A.Sc. Thesis, Dept. of Mech. Eng. Univ. of British 
Columbia, 2012. 

[3]-Tersoff J. New empirical approach for the structure and energy of covalent systems. Phys. 
Rev. B, 1987, 37. 

[4]-Nanoscience and nanotechnologies: opportunities and uncertainties, The Royal Society 
and The Royal Academy of Engineering, London, (2004). 

0 0.01 0.02 0.03 0.04 0.05 0.06
0

10

20

30

40

50

60

εεεε

S
tr
e
s
s
 (
G
P
a
)

 

 

Armchair

Size = 5 nm x 5 nm

7.5 nm

10 nm

14.5 nm



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 
Publ. INEGI/FEUP (2017) 

-671- 

 
PAPER REF: 6782 
 
 

FINITE ELEMENT APPROACH TO SIMULATE CNT-REINFORCED 

CALCIUM-SILICATE-HYDRATE (C-S-H) COMPOSITE 
 
Carlos Felipe Guzmán

(*)
, Erick I. Saavedra Flores, Juan Carlos Pina, Sergio Yáñez 

Departamento de Ingeniería en Obras Civiles, Universidad de Santiago de Chile, 
Av. Ecuador 3659, Estación Central, Santiago. 
(*)

Email: cf.guzman@usach.cl 
 
 

ABSTRACT 

Concrete is an old and reliable material for construction. Its mechanical behavior has been 
widely studied and is well known. It is common to use reinforcements such as steel to 
improve the ductility of concrete under tension. Recently, nanomaterials have become an 
interesting solution to improve concrete’s mechanical behavior, creating a totally new kind of 
reinforced composites. As the name may suggest, the understanding of the concrete at the 
nanoscale then become crucial. From all components of concrete, cement plays a significant 
role in the mechanical behavior. In particular, cement is controlled by the formation of 
Calcium-Silicate-Hydrate (CSH). Several authors have proposed different crystalline structure 
for CSH such as Tobermorit. Molecular dynamics (MD) is the traditional tool to simulate the 
behavior of the crystalline structure. In this work, a novel approach is used. Following the 
methodology proposed by Li and Chou, (2003), the interatomic bonds and potentials are 
simulated using structural finite elements. The finite element (FE) method is faster than MD 
and extensively used by engineers. This approach is tested by comparing the elastic modulus 
of both methods. Overall, the new methodology gives promising results. 

Keywords: Molecular Dynamics, Finite Element Method, Calcium-Silicate-Hydrate. 

 

INTRODUCTION 

Concrete is certainly one of the most reliable construction materials. It has been widely used 
by humanity throughout his history because of its versatility and affordable cost. Concrete has 
a multiscale composition with different amorphous phases (Eftekhari and Mohammadi, 
2016a). Cement is the structural component, determining most of the mechanical properties of 
concrete. It is brittle in tension and compression, lacking tensile strength compared to 
compressive strength. This behavior can be improved using reinforced steel bars or polymeric 
fibers. A new approach consists in using nanomaterials, such as Carbon Nanotubes (CNT). 
This allows an improved tensile and compressive strength (Eftekhari et al., 2013), creep 
behavior, resistance to impact (Eftekhari and Mohammadi, 2016b) and fracture toughness 
(Eftekhari et al., 2014). In order to improve the mechanical properties using CNTs, it is 
necessary to understand the structure and behavior of cement at the nanoscale. 

Cement is made of hydrated and unhydrated products. The Calcium-Silicate-Hydrate (CSH) is 
the principal product coming from the hydration reaction of calcium silicates. It acts as a 
binding phase and determines the mechanical properties of cement. The basic hypothesis is 
that the improvement of concrete properties is directly related with the optimization of the 
CSH properties. In general, CSH can be considered as a degenerated clay (layered) structure, 
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composed of silico-aluminates stacked in specific orientations and glued with weak 
interaction of metal ions and water molecules (Manzano et al., 2012). Water can vary widely 
so the composition of CSH can only be approximated. Because of these characteristics, CSH 
is a challenging structure. It is believed that the local atomic structure in the CSH gel is 
similar to crystalline minerals such as tobermorite (Selvam et al., 2011). Hence, this crystal 
structure is often used as a starting point to simulate the atomic structure of CSH. 

CSH has been traditionally modeled using molecular dynamics (MD) simulations. MD is a 
calculation method for statistical mechanics, which allows to represent the motion and 
interactions of atoms and molecules. The potential energy of the interaction’s force is 
represented through interatomic potentials or molecular force fields. The main purpose of MD 
simulations of CSH is the validation of the molecular structure and the study of the 
mechanical properties. For instance, Pellenq et al., (2009) constructed a CSH structure based 
on the 11 Å model of tobermorite proposed by Hamid, (1981). This molecular structure was 
later used by Abdolhosseini Qomi et al., (2014) to study molecular structure defects (C/S ratio 
and correlation distances) and mechanical properties (indentation modulus and hardness 
ratio).  

The MD approach is useful to study the mechanical behavior of CSH and it is a powerful tool 
to gain insight into the molecular structure. Nevertheless, the CPU requirements are usually 
very high even for a relative small number of atoms. Moreover, the formalism behind the 
atomic interactions is often outside the basic knowledge of most of engineers. On the other 
hand, the finite element (FE) method is a widespread and robust tool. Several FE codes are 
available, both for academic and industrial purposes. The theory of FEs is part of almost 
every engineering school nowadays. Hence, is interesting to study the feasibility of 
reproducing MD simulations results using the FE approach. The approach is inspired in the 
one developed by Li and Chou, (2003) to simulate Carbon Nanotubes (CNT). This approach 
assumes that the carbon atoms and their interactions within the nanotube can be represented 
as a frame-like structure. Thus, the bonds among neighboring atoms are assumed to behave 
like structural beam elements. This is done by linking interatomic potential energies of to the 
strain energies of an equivalent beam element representing the C-C bond. 

In this paper, the methodology developed by Li and Chou, (2003) is used to simulate the CSH 
molecule. The representation of interatomic interactions is discussed and the results of a 
tensile test are analyzed. 

 

NUMERICAL MODELING 

The FE approach still relies on the atomistic simulations, from which the molecular structure 
is retrieved. Once the structure is defined and validated as a representative volume element 
(RVE), the atom coordinates and their connections are exported as nodes and finite elements, 
respectively. Depending on the type of interaction among atoms (or molecules), the 
interatomic potential can be represented through the element stiffness and/or a constitutive 
model. By defining certain boundary conditions, the FE method can be used to obtain elastic 
parameters or other mechanical properties of the RVE. 

The CSH molecule is taken from the MD model of Eftekhari and Mohammadi, (2016a), 
which is based on the one proposed by Abdolhosseini Qomi et al., (2014). The numerical 
model is shown in Fig. 1a). In the CSH molecule model, there are intra-molecular covalent 
bonds and intra-atomic electromagnetic and van der Waals forces. Each one is modeled using 
a different interaction model i.e., a potential describing the force evolution in space. Intra-
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molecular covalent bonds are represented by bond stretching, bond angle and bond torsion 
models using a harmonic model. Inter-atomic van der Waals forces act in attraction at long 
distances and repulsion in short distances and can be modeled using the Lennard-Jones, 
(1924) potential. Electromagnetic force is represented by the Coulomb relation for atomic 
charges. Hence, the total potential energy of the system is given by the summation of energies 
due to all interactions: 

� ���� ���� ���� ����	
 ����� 

where �� is related to the bond stretch, �� the bond angle bending, �� the angle torsion, ��	
 
the energy van der Waals force and ���, the electromagnetic force. In the FE model, the 
mechanical behavior of the covalent bonds is better represented using beam elements, while 
van der Waals and electromagnetic forces are modeled using springs. The energy of the FE 
system must equal that of the MD system, from which the stiffness of the FEs is obtained (Li 
and Chou, 2003). 

 

A tensile test is simulated by applying certain boundary conditions. One end is fixed in all 
three directions (clamped), while in the other end is pulled with a small displacement. The 
material (beam) is assumed to behave as linear-elastic. All the FE simulations are performed 
using the FE software ANSYS® Academic Research, Release 16.1, (2015). The covalent 
bonds are represented using the 3D 2-node BEAM188 element, while the electromagnetic and 
van der Waals forces are represented through the linear spring LINK11. The CSH molecule, 
showing the covalents bond and the atoms, is depicted in Fig. 1b). 

 

 

     (a) MD representation in a MD software.       (b) FE representation in ANSYS. 

 
Fig.1 - CSH molecule representation. 
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RESULTS 

The obtained elastic modulus is shown in Table 1. Compared with the MD results from 
Eftekhari and Mohammadi, (2016a), the FE results is higher but falls within an acceptable 
range. The difference can be explained in the terms of the stiffness of the van der Waals 
spring element, which is assumed to behave linearly even if the Lennard-Jones, (1924) 
potential is highly non-linear. The elastic modulus chosen for the beam elements is also 
important in the overall behavior of the molecule. The difference can also be explained by the 
periodic boundary conditions of the MD simulations, which are not exactly replicated in the 
FE simulations. 

 

 
Table 1 - Uniaxial tensile simulations results. 

 MD FE Difference [%] 

Young Modulus 

[Gpa] 

40.97 49.57 20.99 

 

 

CONCLUSION 

This study presents a novel methodology for simulations at the nanoscopic scale, based on FE 
simulations. In this approach, interatomic potentials are replaced with structural finite 
elements. The simulated elastic modulus of the FE simulations is higher than the one 
predicted from MD simulations, but still within an acceptable range. Further work is being 
devoted to improve the stiffness of the FEs and to replicate the boundary conditions of the 
MD simulations.  
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ABSTRACT 

The electromechanical buckling (EMB) and pull-in instabilities of electrostatically actuated 
microbeam-based microelectromechanical systems have been investigated in this paper. 
Specifically, analytic solutions to the static deflections of these systems have been obtained 
using the variational iteration method (VIM). A good agreement between the present analytic 
results with finite element method results indicates that VIM can be utilized to study the EMB 
and the pull-in instabilities of the electrostatically actuated microbeam even when the 
influence of mid-plane stretching is considerable. 

Keywords: microbeam, variational iteration method, electromechanical buckling. 

 

INTRODUCTION 

The electrically actuated microbeams are widely used in a variety of microelectromechanical 
system (MEMS) devices. Compared to the traditional mechanical systems, these MEMS 
devices require few mechanical components and small voltage levels for actuation. Moreover, 
electrostatic actuation and large deflections give rise to some unique nonlinear behaviours in 
the MEMS devices, such as electromechanical buckling (EMB) and pull-in behaviours, which 
brings new opportunities for developing novel micro-devices (Lee, 2004). On the other hand, 
due to their strongly nonlinear behaviours it is extremely difficult to conduct theoretical 
studies on EMB and pull-in behaviours of electrically actuated microbeams. Although some 
well-known analytic methods such as perturbation techniques have been developed to give 
analytic approximations for nonlinear problems, these methods are valid only for weakly 
nonlinear problems and thus fail in handling strongly nonlinear problems in MEMS. 
Fortunately, the variational iteration method (VIM) originally proposed by He (2002) has 
been given great importance for solving linear and nonlinear differential equations in recent 
years. The method can solve various classes of linear and nonlinear engineering equations 
(Baghani, 2011).  

In this paper, VIM is used to study the EMB and pull-in instabilities of electrostatically 
actuated microbeam-based MEMS, in which the mid-plane stretching effect and distributed 
electrostatic force are both considered. The approximate analytic results via VIM are found to 
agree well with the numerical results got from the finite element method (FEM) 

.  

RESULTS AND CONCLUSIONS 

The critical EMB voltage is plotted as a function of axial load in Fig. 1a, where the results 
given by Abu-Salih and Elata (2016) are also shown for comparison. From this figure, 
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analytic results calculated by VIM are found be in good agreement with numerical results 
presented by Abu-Salih and Elata (2016). After EMB, the maximum deflections of the 
electrostatically actuated microbeams obtained by VIM are compared with FEM results, as 
shown in Fig. 1b. It is shown that during the post-EMB process VIM results are in excellent 
agreement with FEM results, denoting that VIM can be utilized successfully to predict the 
pull-in instability even for high values of α. Here α is a dimensionless parameter 
characterizing the length-to-thickness ratio of the microbeam. 

 
Fig. 1 - (a) Static stable region of a microbeam with various nondimensional residual 

stresses P and applied voltages V. The inset shows the mircobeam structure we studied 
here. (b) Maximum deflections under different V 

 

This study shows that VIM is a powerful analytic method to study the strongly nonlinear 
behaviours in MEMS. 
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ABSTRACT 

The main aim of this paper is possibility of using recycled raw materials in form of new 
cementitious recipes. Paper is focused on relationship between compounds in matrix, making 
knowledge about structure and function on microscopic level and create limit its technical 
properties. Artificial corundum and silicon carbide are increasing especially mechanical 
parameters of mixture because these materials have number 9 on Mohs hardness scale. Set of 
measurements about primary characteristics of this materials were done as well as the basic 
physical, mechanical and material properties of cement mixtures. 

Keywords: corundum, silicon carbide, recycling, cement, concrete, nanoparticles. 

 

INTRODUCTION 

Development of combination cement-silicon production is relatively new discipline and 
questions about this innovation are very popular in these days. Purpose of this research is 
using waste material and therefore minimalizes of its production and reduces ecological effect 
on environment by its recycling. Especially it is about waste production of corundum and 
silicon carbide. Between sources of these recycle materials belong for examples suction from 
drilling on filters, material catch by magnetic separation, non perfect corundum and SiC 
produce, sludge from cleaning raw materials, blasting by dry and wet method  or damages 
abrasive grains. This waste material should be reused as basic component to concrete 
samples. 
 
Silicon Carbide is produced in resistance furnace, where exact mixtures of petroleumcoke and 
siliceous sand are burnt Silicon Carbide arise by increasing of crystals in the core of furnace 
during smelting. After cooled, furnace is disassambled, material is sorted and according to the 
quality is classified to material suitable for a production of abrasive grains and material 
suitable for metallurgy. Artificial corundum is divided into two kinds. White Corundum is 
produced by fusing of clean Al2O3 in electrical arc furnace. After crushed it and milled it on 
ball mills, arised corundum grains are several times magnetized and sieved according to the 
sizes. A block of Brown Corundum is smelted from calcinated bauxites, cokes and Fe cuts in 
arc electrical furnace. From that block, lump of I. grade is sorted out, milled on roll crusher, 
magnetized, annealed at temperature of 1050°C and sieved according to a required 
granulometric composition. 
 

In this paper waste of corundum and silicon carbide in form of cement mixture is analyzed. 
Especially mechanical parameters of mixture and chemical, physical and material 
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characteristics of raw materials are analyzed. New recipes should be able to show superior 
properties compared to the reference formulation (the current production on the market), 
while also lower the energy consumption and environmental load on the production of 
mixture per unit amount. The project will create a new product and its subsequent production. 
 

RESULTS AND CONCLUSIONS 

In this paper, three kinds of raw materials have been used in cementitious materials: white 
corundum (denote as WC), brown corundum (denote as BC) and silicon carbide (denote as 
SC). Each of samples belongs to the different group according to quality. Set with the highest 
quality is marked A and with the lower C. Fourth group is marked W, which mean waste 
material. In total it was measured characteristic of seven samples of raw materials. 

Table 1 - Chemical composition of recycled raw materials 
 (S-suction, D-dust, BE - burning electrode, F-fine, B-basic) 

Base SC WC BC 

Origin D BE 0-1B 0-1F S D D 

Quality W W B C B B B 

Al 1,39 4,71 0,23 0,3 91,47 97,94 67,4 
Si 95,55 48,71 96,24 95,69 0,18 0,15 13,01 
Fe 0,49 22,78 0,79 0,99 1,35 0,39 5,92 

Ca 0,11 6,74 0,4 0,56 0,35 0,18 3,13 
S - 8,59 1,41 1,46 - - 0,62 

 
Nano structural properties of SiC and corundum in cementitious matrix show a huge influence 
on basic mechanical and physical properties of cement samples.  
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ABSTRACT 

Selfmated α-alumina sliding couples have been investigated under oscillating sliding at 100 N 

load in different humidity conditions in air as well as in hot steam up to temperatures of 

300°C and ambient pressures up to 4 bar. The results show that the wear behaviour is directly 

dependent on the amount of water in the environment. Two competing wear mechanisms are 

identified: 1) abrasion is predominant in the low water vapour regime i.e. dry air whereas 2) 

tribochemical wear is predominant, if enough water is available to form aluminium 

hydroxide, i.e. in moist air and steam. 

Keywords: α-alumina, wear, steam, temperature, abrasion. 

 

INTRODUCTION 

According to the calculations of French company EXOES, the use of waste heat from exhaust 

gases in cars and especially in trucks corresponds to possible energy savings in the range of 5 

- 15 %, due to less fuel consumption. This relates to a corresponding reduction of the 

emission of the green house gas CO2. Technological solutions in this field are manifold, one 

of them is steam expansion using waste heat from the exhaust gas and converting it into 

electrical energy by a piston expander. The development of improved materials and lubricants 

for further increasing the efficiency needs testing devices suitable for steam environment. 

This paper describes wear testing of alumina in water vapour atmosphere hence in laboratory 

air as well as in steam up to temperatures of 300°C and 4 bar ambient pressure. 

 

RESULTS AND CONCLUSIONS 

When sliding against itself, wear of α-alumina is determined by the chemical equilibrium as 

stated by the following equation: 

Al2O3 + H2O � 2 AlOOH   ∆G = -2.46·10
4
 J 

This equation has a negative Gibbs energy of formation at normal conditions of 25°C and 1 

bar. Hence, in presence of water, Aluminium hydroxide in the form of Diaspore is formed and 

is the stable phase. The Gibb’s energy of formation stays negative up to a temperature of 

about 205°C and 1 bar ambient pressure. According to the equation above the thermodynamic 

stability of the hydroxide phase is of crucial importance for the wear behaviour of selfmated 

alumina. Corundum is a phase of relatively high hardness of 2035 Vickers, whereas Diaspore 

has a much lower hardness of only about 1000 Vickers. Due to this difference the wear 

behaviour of alumina will depend on the amount of water present in the environment which 

can be seen in Fig. 1. The rough surface on the left side (Fig1a) is characteristic for 

predominantly abrasive wear. This is typical for wear of α-alumina under the conditions of 

low water content in the environment and relatively high coefficients of wear (Kong, 1992). 
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(a)                                                                                 (b) 

Fig. 1 - SEM micrographs of wear scars after 100,000 cycles under dry sliding at 

200°C, a) in air, b) in steam 

In high water vapour or steam environments, especially above 100°C, the chemical formation 

of hydroxide in the sliding interface causes a much smoother, less abraded surface with 

distinct lower wear coefficients characterized by predominantly tribochemical wear, see Fig 

1b. 

 

Fig. 2 - Wear coefficient as function of temperature 

The amount of water in the environment determines how much hydroxide is formed. 

Consequently, the wear is predominantly abrasive with high wear rates if water content in the 

environment is low (dry air). With increasing water content (moist air or hot steam) wear 

becomes tribo-chemically modified due to the formation of hydroxide phase AlOOH causing 

lower wear rates. This is seen in Fig 2, where wear rates increase with temperature 

corresponding to decreasing relative humidity. In water rich atmosphere it stays low due to 

the stability of hydroxide up to elevated temperatures. This is also observed during sliding in 

liquid water. 
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ABSTRACT 

One of the prevalent material removal mechanism in vibratory ultrasonic machining (USM) is 

cavitation erosion. Cavitation erosion is the process of surface modification by generation and 

collapse of vapor bubbles on the workpiece surface inside a liquid medium. Although 

considerable research has been devoted in finding the material removal mechanism, rather 

less attention has been paid on the effect of pressure and temperature in cavitation erosion. 

Hence, efforts have been taken in this investigation to investigate the effects of pressure and 

fluid temperature on AISI 304 stainless steel with wire cut EDM surface in material removal 

and surface roughness. Ambient pressure and temperature were varied from 100 kPa to 400 

kPa and 10°C to 90°C respectively. The outcomes showed that mass loss increased up to 300 

kPa and remained steady at 400 kPa; by varying temperature mass loss showed a peak up to 

0.8 mg at 50°C and then declined to 0.2 mg with increase in liquid temperature. Scanning 

electron microscope (SEM) images showed that most of the test surface deformed plastically 

with surface undulations. These surface undulations improved the surface roughness values 

from ranges of 2 µm to 1 µm. A maximum change in surface roughness of 34% at 300 kPa 

and 36% at 50°C was observed. 

Keywords: cavitation erosion, surface roughness, bubble population, ultrasonic. 

 

INTRODUCTION 

Vibratory ultrasonic machining is a non-contact manufacturing process that utilizes high 

frequency, low amplitude vibrations to expel material from the work piece surface. A 

majormaterial removal mechanism in vibratory ultrasonic machining is cavitation erosion 

(Karunamurthy, 2010). Cavitation erosion is a process of surface modification due to 

generation and collapse of vapor bubbles on the workpiece surface. The vapor bubbles are 

formed when the hydrostatic pressure of liquid falls well below the saturation vapor pressure 

(3.169 kPa at 25°C (Young, 1999). The pressure difference in the liquid in USM is caused by 

a vibrating tool excited by a piezoelectric transducer. During this process, the bubble collapse 

exerts high pressure shock waves (Shchukin, 2011) and micro jets on the workpiece surface 

thus removing material. In recent years, material removal characteristics in cavitation erosion 

is widely studied by many researchers (Hammitt, 1980, Hattori and Itoh, 2011, Kwok, 2006). 

Studies prove that material removal rate in cavitation erosion is dependent on material 

strength and hardness. Many investigators have studied the erosion mechanism on common 

engineering materials (Drozdz, 2007, Laguna-Camacho, 2013). It is also proved that mass 

loss is higher in the presence of abrasive particles suspended in the liquid medium. These led 

to formation of erosion pits in the workpiece surface (Dular, 2013). These studies were useful 
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in developing non-contact machining methods like drilling hard and brittle materials and 

surface modification applications. 

Despitevarious research efforts in USM, still there exists a need to understand the underlying 

mechanisms in material removal for increasing productivity and for reducing the effort in 

machining. To predict the relation between material removal, frequency and amplitude, 

developed a static ultrasonic machining model. However, the model shows clear 

discrepancies with experiment results (Shaw, 1956). It is well known that ambient pressure 

and fluid temperature influences material removal rate in USM. (Young and Johnston, 1970) 

investigated the effect of pressure and temperature in cavitation erosion. Results show that 

material removal rate is higher at maximum pressure and temperature conditions. However, 

the relation between pressure and temperature in cavitation erosion remains unclear. (Li, 

2014) investigated the erosion behavior of 304 stainless steel at various temperatures and 

showed an increase in material removal rate near 50°c and declined with further increase in 

temperature.  

(Ahmed, 1998) investigated the effect of pressure and temperature in cavitation erosion in 

pure aluminium and found that the number of bubbles formed was large at high temperatures. 

SEM images obtained by Abouel et.al after cavitation erosion on 304 stainless steel shows 

erosion pits and cavitation bubble collapse. Bubble collapse leads to plastic deformation and 

formation of wavy undulations (Abouel-Kasem, 2009). However, there is no clear explanation 

on the undulation phenomenon caused by cavitation erosion. Thus, controlling these surface 

undulations will help in enhancing the surface roughness using cavitation erosion.  

Stainless steel is often used as pipe and pressure vessel materials for high temperature and 

high pressure applications. These vessel materials are often prone to failure due to erosion. 

The liquid medium at high pressure and temperature causes erosion in the vessel structure. 

Erosion occurs due to irregularities in the metal surface. These irregularities often act as 

cavitation generators. Cavitation generated at these irregularities erodes the surface material 

over a long run. Hence, these structures demand a better surface roughness and are often 

prone to damage by erosion (Lister, 1987). It seems, therefore, that further investigations are 

required at high pressure and temperature conditions to study their effect in material removal 

rate and surface roughness characteristics. 

Hence, in this study AISI 304 stainless steel with an EDM surface is directly subjected to 

cavitation erosion at high ambient pressure and fluid temperature conditions. The 

investigation is carried to study the effect of ambient pressure and temperature in material 

removal rate and the bubble population during cavitation erosion. The study also examines the 

SEM images of EDM cut surface before machining and surface undulations produced after 

machining. 

 

EXPERIMENTAL METHODOLOGY 

The specimen surface is initially prepared for machining using Excetek 850 wire cutting 

EDM machine. The directly cut EDM surface is now exposed to USM as stated in ASTM 

G32-16 standard at various ambient pressure and temperature conditions. Based on mass loss 

and surface roughness measurements effect of ambient pressure and temperature on cavitation 

erosion in USM was investigated. Overall microscopic surface topographies of the specimens 

from SEM images were also used to analyse the effect of cavitation erosion after machining. 
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Experiment set-up 

The set-up used for USM is shown in Figure 1. The setup consists of an ultrasonic generator 

(Dukane 4100 benchtop controller) of 40 kHz frequency with a vibrating amplitude of 70 µm. 

The ultrasonic horn with a tip diameter of 5 mm is made to vibrate using piezoelectric 

transducer. The constant temperature bath is then filled with deionized water and the test 

specimen (AISI 304 stainless steel of dimension 15*15*2.5 mm) was placed in the specimen 

holder inside the bath. Deionized water is used for the study rather than tap water to have 

controlled amount of impurities and maintain a pH level as specified in ASTM G32-16 

standard. The horn is inserted into the liquid medium to a depth of 5 mm from the top surface. 

The stand-off distance between horn tip and workpiece surface was fixed at 1 mm for all test 

conditions. The bath is held air-tight and the test chamber is pressurized according to test 

conditions. It was ensured that the temperature is maintained constant using the temperature 

bath and monitored using a thermometer inside the test chamber. Pressure inside the test 

chamber was monitored using a pressure gauge fixed to the test chamber. 

 

 
 

Fig. 1 - Schematic diagram of experimental set-up 

 

Experiment procedure 

Initially, the specimens were subjected to ultrasonic cleaning for 10 minutes to remove 

surface impurities. Then SEM images, mass of the specimen and surface roughness values 

were obtained. Experiments were conducted according to experimental conditions as given in  

Table 1 by varying pressure from 100 kPa to 400 kPa whereby keeping temperature constant 

at 25°C; and by varying temperature from 10°C to 90°C, maintaining a constant pressure of 

100 kPa. After machining the specimens are again subjected to ultrasonic cleaning for 10 

minutes. Subsequently, mass of the specimen, surface roughness and SEM images were 

obtained after machining. The results obtained are compared with the results before 

machining and the effect of ambient pressure and fluid temperature in cavitation erosion in 

discussed. 
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Table 1 - Experimental conditions 

Experiment parameters Values 

Ultrasonic Frequency 20 kHz 

Amplitude 70 µm 

Working fluid Deionized water 

Atmospheric pressure 100; 200; 300; 400 kPa 

Temperature 10; 30; 50; 70; 90°C 

Working distance 1 mm 

Workpiece SAE 304 stainless steel  

 

RESULTS AND DISCUSSION 

Cavitation erosion occurs usually in several stages namely the incubation stage, acceleration 

stage, maximum stage, deceleration stage and the terminal stage. Hence, the specimens are 

subjected to cavitation erosion till the deceleration stage at various ambient pressure and fluid 

temperature conditions. The potential material removal mechanism and mass loss related to 

cavitation erosion are discussed. Variation in surface roughness due to mass loss is discussed 

using roughness measurements and observed SEM images. 

 

Material removal mechanism 

During USM, the horn is made to vibrate at an amplitude of 70 µm inside the liquid medium. 

Material removal mechanism in USM is illustrated in Figure 2.  

 
 

Fig. 2 - Material removal mechanism in ultrasonic machining  
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The vibration from the horn causes fluctuations in the static pressure of the liquid. The 

fluctuating pressure is high when horn moves down and low when horn moves up. When the 

low pressure created is well below the local vapor pressure of the liquid, cavities are formed. 

These cavities are referred to as cavitation bubbles. These cavitation bubbles nucleate to a 

certain size in the range of 0.1-1.5mm (Dular, 2013) and explode. During bubble explosion, 

primarily high pressure is induced at the workpiece surface; secondarily shock waves are 

generated. This pressure, in the range of several hundred atmospheres (Suslick, 1999) along 

with shock waves abducts material from the workpiece surface. These are referred to as 

erosion pits in cavitation erosion. It is certain that acoustic streaming occurs in the liquid due 

to ultrasound from the horn tip. Therefore, there is a definite possibility that acoustic streams 

accelerate the bubbles to collide onto the workpiece thus enhancing the material removal 

mechanism. 

 

Effect of atmospheric pressure  

The results shown in Figure 3 illustrates the trend of mass loss in USM with increase in 

ambient pressure and a constant temperature of 25°C. The mass loss during USM at 100 kPa 

for 25 minutes is 0.2 mg.  

 

 
Fig. 3 - Mass loss vs ambient pressure  

 

Mass loss increased up to 0.5 mg at 300 kPa and levelled off.  Therefore, the increase in mass 

loss is because, vapor pressure of cavitation bubble is much lower than the atmospheric 

pressure. During this condition, there is no possibility of the cavitation bubbles to collapse at 

the water surface, since fluids always flow from high to pressure regions. Therefore, the 

cavitation bubbles (vapor bubbles) formed would be pushed back inside the liquid making it 

impossible for the bubble to explode at water surface. Thus, the cavitation bubbles formed are 

completely made to explode inside the liquid medium exerting high stresses and shock waves 

at workpiece surface. This enhances the material removal mechanism in cavitation erosion. 

overall, a linear increase in mass loss was observed as ambient pressure increases. 
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Fig. 4 - Change in surface roughness vs ambient pressure 

  

Surface roughness values were measured and change in roughness values are shown in Fig. 4. 

It should be noted that this study has been primarily concerned with applying USM directly 

on EDM surface. Hence, polishing the workpiece surface before machining was not preferred. 

From the results, it is certain that cavitation erosion has improved the surface roughness. A 

maximum of 34% change in roughness was observed at 300 kPa. The SEM images obtained 

at this test condition support the results showing cavitation eroded surface, thus enhancing the 

surface roughness. 

SEM images obtained before machining provides a clear view of the workpiece surface. Due 

to wire cut EDM an EDM recast layer was formed on the workpiece surface as shown in Fig. 

5 (a), these recast layers also led to formation of craters as shown in Fig. 6(a) and Fig. 7(a), 

partially molten metal left over during EDM was also noted as shown in Fig. 7(a). These 

molten metals settled as bumps on the workpiece surface. 

 

 
(a) 

 
(b)  

Fig. 5 - (a) EDM cut surface of SAE 304 stainless steel (b) surface after USM at P=100 kPa 

EDM recast layer 

Crater 

Micro bubble erosion 
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 (a) 

 

(b) 

Fig. 6 - (a) EDM cut surface of SAE 304 stainless steel (b) surface after USM at P=200 kPa 

 

 

(a) 

 

(b) 

Fig. 7 - (a) EDM cut surface of SAE 304 stainless steel (b) surface after USM at P=300 kPa 

 

 
(a) 

 

(b) 

Fig. 8 - (a) EDM cut surface of SAE 304 stainless steel (b) surface after USM at P=400 kPa 

Partially molten metal 

Crater 

Cavitation eroded surface  

Molded Steel surface 

Crater 

Cavitation eroded surface 

Molded steel surface  

Crater 

Cavitation erosion 

Molded steel surface  
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The specimen surface after EDM consisted of originally molded steel surface as shown in 

Fig. 7(a) and Fig. 8(a). At 300 kPa test condition SEM images showed that cavitation 

erosion was maximum. Hence, most of the recast layer and partially molten metal bumps 

were eroded. These observations support the peak mass loss obtained and a better surface 

roughness. 

 

Effect of temperature  

Figure 10 shows the trend of mass loss with increase in temperature of working fluid at a 

constant pressure of 100 kPa. Initially the temperature of the bath was lowered to 10°C and 

USM is carried out. At 10°c it was found that the bubble population under the horn was very 

less. The bubble production depends on the vapor pressure of the liquid which varies along 

with temperature. Lowering the temperature will result in lower vapor pressure of liquid. 

Therefore, at 10°C the vapor pressure of the liquid would be very low. 

 
Fig. 9 -  Bubble population at various fluid temperature 

 

Hence, for a cavitation bubble to be generated, the low pressure created by the vibratory horn 

should be much lower than the vapor pressure of liquid. Despite, the low pressure generated 

from the vibratory horn at 10°C was not well below the vapor pressure of liquid. This led to 

very less bubble population. 

  
Fig. 10 - Mass loss vs fluid temperature 
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Hence, a mass loss of only 0.2 mg was recorded. At 30°C and 50°C high bubble population as 

shown in Figure 9 was observed, which in turn increased the mass loss to a peak of 0.8 mg. At 

70°C and 90°C even higher bubble population was observed, but it was noted that the bubbles 

did not explode instead settled near the horn and on the sides of workpiece and test chamber. 

This is due to the insufficiency of bubbles to trap sufficient vapor inside it and explode. 

Hence mass loss declined from 0.8 mg to 0.6 mg and 0.2 mg respectively. In conclusion, 

bubble population at various temperatures affected the amount of material removal. 

 

 

 

 

 
 

Fig. 11 - Surface roughness vs fluid temperature 

 

 

 

 

After the mass loss measurements, specimens were subjected to surface roughness 

measurements. Change in surface roughness at various temperatures are shown in Figure 11. 

A 36% change in surface roughness was observed at 50°C, this supports the maximum mass 

loss obtained at 50°C. The maximum mass loss observed led to removal of surface 

irregularities and improved the roughness values at this condition. 

SEM images were obtained to compare the surface topography before and after USM. Erosion 

pits left by cavitation bubbles were clearly visible. It was also found the plastic deformation 

due to cavitation erosion and surface undulations were high at temperatures 30°c ,50°c and 

70°c as shown in Figure 13(b), Figure 14(b) and Figure 15(b). 

The surface undulations are a major result of bubble collapse at work piece surface. Initially 

an indentation pit was created sue to bubble collapse, further collapse of the bubbles was 

concentrated in the same pit causing material removal and leaving a wavy undulation in the 

surface.  Even after machining, partially molten metals and craters remained at 90°c. 
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 (a) 

  

(b) 

Fig. 12 - (a) EDM cut surface of SAE 304 stainless steel (b) surface after USM at T=10
o
c 

 

  

(a) 

  

(b) 

Fig. 13 - (a) EDM cut surface of SAE 304 stainless steel (b) surface after USM at T=30
o
c 

 

 

 (a) 

  

(b) 

Fig. 14 - (a) EDM cut surface of SAE 304 stainless steel (b) surface after USM at T=50
o
c 

 

Partially molten metal 

Crater 

Cavitation erosion 

Molded steel surface  

Crater 

Cavitation erosion 

Molded steel surface  

Crater Cavitation erosion 

Molded steel surface  
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(a) 

  
(b) 

Fig. 15 - (a) EDM cut surface of SAE 304 stainless steel (b) surface after USM at T=70
o
c 

(a) (b) 

Fig. 16 - (a) EDM cut surface of SAE 304 stainless steel (b) surface after USM at T=90
o
c 

 

CONCLUSION 

In this study, the effect of ambient pressure and temperature on cavitation erosion in USM 

was studied. It was found that increasing ambient pressure and temperature during machining 

process enhances the material removal mechanism. The major findings from the study are 

listed as follows. 

1) Increase in ambient pressure enhances the material removal mechanism. This is because 

high ambient pressure exerts a force on the vapor bubbles generated during USM. This force 

pushes the vapor bubbles down and makes it explode inside the liquid medium, exerting high 

pressure shock waves on the material surface. These high-pressure shock waves in turn erodes 

the material from the workpiece surface. Hence, an increase in mass loss of 0.1 mg was 

observed for rise in every 100 kPa ambient pressure. 

2) Increasing the temperature of the working fluid enhances the material removal mechanism. 

It is found that the mass loss is at a peak of 0.8 mg at 50°C and gradually declined to 0.2 mg 

at 90°C. Hence mass loss increases with increase in temperature and declines near the boiling 

point of the liquid. This is because bubble explosion is higher at 50°C and decreases near the 

boiling point. The decrease in explosion is because of the inability of the bubbles to trap 

vapor inside it a grow into a larger volume and explode. 

Crater 

Cavitation erosion 

Molded steel surface  

Crater 

Molded steel surface  

Crater 
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3) Major material removal mechanism in USM was found to be cavitation erosion (erosion 

pits due to bubble collapse) and acoustic streaming from the ultrasonic horn that accelerated 

the bubble to strike the workpiece surface. SEM images supported the effect of pressure and 

fluid temperature on cavitation erosion in USM. 

Thus, controlling the ambient pressure and temperature will help in enhancing the material 

removal during USM. Finally, with further investigations on the effect of pressure and 

temperature in bubble size in cavitation help in controlling the erosion process for other 

application like surface finishing and surface modification. 
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ABSTRACT 

The main goal of this work is the study of the interaction between friction and the AE 

parameters for materials with different stacking fault energy (SFE)-Ni and Ag. The effects of 

load on the friction coefficient, wear rate, temperature and AE signals were studied. In order 

to evaluate a transition from EHL to BL regions, the Stribeck curves were analyzed. Severe 

plastic deformation of Ag and Ni in the BL region leads to formation of the nanocrystalline 

structure (grain size, d=33 nm and 143 nm) in comparison to virgin state, d=30 µm. As it can 

be seen the grain refinement of surface layers in friction is increased with a lowering the SFE. 

Keywords: acoustic emission, friction, wear, lubricants. 

 

RESULTS AND CONCLUSIONS 

The obtained results in friction are well confirmed by the analysis of the AE waveforms and 

the annealing of grain refined Ni. A decreasing of the friction coefficient from 0.08 to 0.05 

(transition ML region) leads to an appearance of the low frequency wave, characterizing a 

shearing of relatively small number of contact spots (interaction in macroscale level). The 

friction coefficient went down immediately to the value, µ=0.02. At this condition, the 

thickness of lubricant film is increased and therefore the number of contact spots are 

decreased leading to formation of the waveform similar to that observed in the EHL region. 

This result confirms the formation of low frequency wave in the EHL region associated with a 

shearing of relatively small amount of direct contact spots. 

With increasing the severity of contact as in the BL region of Ni the amount of contact spots 

increases significantly and the values of the frequency of low frequency wave is increased. 

Main difference in the microstructural behavior of Ag in comparison to Ni is the plastic 

instability associated with the formation of macro-scale shear bands. We can just suggest that 

large contact spots easy sheared during plastic deformation of Ag in the BL region are 

responsible for the formation of low-frequency wave in the waveform similar to that observed 

in the EHL region. An increasing the load in the BL region for Ag just increases a little the 

frequency of the wave. High level of low frequency signals (8-16 kHz) for Ag in the BL 

characterize a damage development due to easy shearing of surface layers. At the same time a 

low level of high frequency signals indicate an easy of process plastic deformation on Ag. 

Strong damage of Ag in the BL region is confirmed by an increasing the AE energy in 

transition from the EHL to BL region by high values of low frequency signals, by shearing of 

surface layers, and by large value of the wear. 

In comparison to Ag, the friction of Ni is characterized both by low (8-32 kHz) and high 

frequency signals (258-512 kHz). It can be suggested that low frequency range is mainly 
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corresponds to damage development and wear particle formation while high frequency range 

characterize the plastic deformation including dynamic recovery. 

Based on the presented results the model describing the interaction between the AE signals 

and friction in macro/micro scales is proposed in Fig.1. In the EHL region the number of 

direct contact interactions is limited and low-frequency wave with relatively large amplitude 

can be associated with the transitions from direct to lubricant contact. An absent of the high 

frequency signals indicates on the limited plastic deformation. The material with low SFE 

(Ag) suffered to easy shearing during the BL region  characterized by the low-frequency wave 

similar to that observed in the EHL region. Low frequency wave in macroscale is just 

increased from 2.5 kHz for the EHL to 5 kHz in the BL region.  If to present the real contact 

area as the load/hardness value and to assume that the average size of contact spot is close to 

the size of single wear particles (30µm and 10µm for Ag and Ni, respectively), the number of 

contact spots is ~ 400 and ~ 8000 for Ag and Ni in the BL region. This demonstrates strong 

difference in the contact interaction of Ag and Ni in the BL regions.  

 

a)         b) 

Fig. 1 - The model of the BL region and the corresponding waveform under friction of Ag 

(a) and Ni (b) 

Friction of Ni in the BL region occurs at relatively high loads leading to significantly larger 

number of the contact spots for Ni in comparison to Ag. It can be seen that the variation of 

amplitudes, Am, and Aµ indicates contact spot interaction in the macro/micro scales. 

Direct contact interaction of spots in lubricant conditions is a complex problem and the study 

of this phenomenon by the analysis of plastic deformation, geometry and mechanical 

properties of contact pair as well as the evaluation of the AE parameters in the transition from 

EHL to BL region will be continued in our future work. 
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ABSTRACT 

This work reports on contactless control of surface quality of parts produced via powder 

injection molding technology. Surface properties derived for parts used in the weaving 

machines, where a smooth surface of the internal area is a critical factor, were related to the 

processing conditions of injection molding as well as debinding route. Further, the statistical 

analytical tools to quantify the results of surface analysis are described and discussed. 

Keywords: surface, contactless scanner, quantitative analysis. 

 

INTRODUCTION 

Surface properties of parts produced via powder injection molding (PIM) technology result 

from combined influences of mixing, molding, debinding and sintering steps of the process. 

While the surface structure is often related to the sintering conditions, there is only limiting 

number of studies devoted to the effect of processing parameters during injection molding 

step, although they clearly dictate the uniform distribution of powder particles within polymer 

binder, where the main quality issue - separation of powder and binder resulting in 

inhomogeneous structure, occur (depending on shear rate). 

In this study, alumina powder was compounded with a multi-component binder which is 

partially water-soluble. Compounded feedstock in a form of pellets was injection molded at 

molding conditions differing in (10±0.5) °C in molding temperatures 150 and 160 °C. In 

addition, two debinding routes - thermal and combined solvent/thermal removal were tested.  

 

RESULTS AND CONCLUSIONS 

The methods to observe surface properties on final parts (after polymer extraction and 

sintering) employed so far rely largely on electron microscopy or direct measurement of 

surface roughness parameters. In this study, a contactless 3D Chromatic Length Aberration 

(CLA) scanner has to be employed. Tested surfaces (Figure 1) were subjected to a height 

measurement over a rectangular area (1 x 1) mm with the scanning rate 100 µm/s and spacing 

5 µm. Filtration of the scanning data was done with a help of Gaussian filter (0.25 mm) in 

accordance with ISO 4288. 

A 3D data map was obtained as shown on the sample example depicted in Figure 1. The data 

supplied is of the form z = f (x,y), where z is the height of the profile, x stands for the position 

over the scanning direction, and y corresponds to the number of traces. First Interface 



Topic-F: Tribology and Surface Engineering 

 

 

-700- 

Detection (FID) was selected as a measurement mode. The software takes into account the 

height of the first interference (i.e. the upper border of the transparent interference represented 

by the first peak in the spectrum).  

 

Fig. 1 - Example of surface reconstruction from contactless measurement 

 

Surface mapping data was evaluated from the fracture planes (meaning conversion into series 

of profiles), where 200 profiles in both x- and y-axes were obtained for each sample. Surface 

parameters Rp, Rv, and Ra were treated with Anderson-Darlin normality test (α = 0.95) in 

accordance with ISO 4287.  

According to this test, the normality of the data was denied on the confidential level 0.95 %. 

This means that the examined surfaces contain not only accidental inhomogeneities, which 

must be detected with a suitable statistical tool serving as a base for relation of surface 

properties to processing conditions. 

Primary statistical evidence might be Box-Plot diagrams of Rp, Rv, and Ra showing 

considerable scatter of measured data.  

Therefore, Kruscal-Wallis statistical approach has been selected as it enables simple analysis 

of data scatter. A zero-hypothesis expects that the particular surface roughness parameters 

(Rp, Rv, Ra) have the same median values in the sample groups. 

Table 1 - Example of application of Kruscal-Wallis method 

 

Rp evaluation  

P value H0 

150°C parallel x 160°C parallel (solv/therm) 0 < 0.05 denied 

150°C perpendicular x 160°C perpendicular (solv/therm) 0 < 0.05 denied 

150°C parallel x 160°C parallel (therm) 0 < 0.05 denied 

150°C perpendicular x 160°C perpendicular (therm) 0 < 0.05 denied 

Kruscal -Wallis method confirmed on the confidential level 0.95 % (i.e. 5 % error) that the 

medians of selected samples do not vary at random. Instead, they are dependent on the 

processing conditions - in this case on molding temperature. Thus, the surface properties 

might be related to the processing conditions, and based on this knowledge, the process can 

be optimized. 
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ABSTRACT 

The present paper focuses on the failure characterization of the metal / metal thermal sprayed 
bi-materials interfaces. Thin coatings of X10CrNi18-8 stainless steel were deposited on two 
aeronautical aluminium alloys: AG3 (5754) and AU4G (2017A). The natural thin layer of 
aluminium oxide on both substrates acts as a diffusion barrier and consequently penalizes 
bonding. In order to deal with this issue and improve adhesion, we propose two solutions. On 
the one hand, a Ni-Al bond coat (75E) was deposited between the coatings and the substrates. 
On the other hand, aluminium substrates were immersed in an alkaline sodium zincate 
chemical bath. Different techniques were used for the mechanical and metallurgical 
characterization of the coatings and bi-material interfaces. Four points “delamination” 
bending tests with digital image correlation were carried out to investigate the influence of 
mixed mode (I/III) solicitations on the critical interfacial fracture energy.    

Keywords: bi-materials, thermal spray, interface, adhesion, digital image correlation. 

 

INTRODUCTION 

Materials selection for aggressive environments requires specific solutions. The most efficient 
material for a particular application is the one that combines all required mechanical, physical, 
chemical and electrical properties. Since most industrial applications deal with the surface 
parts, applying an appropriate surface treatment (i.e. surface coatings) that enhances the 
properties is needed. Among the numerous surface modification techniques, which are now 
available, thermal spraying is known to offer many advantages. The current trend in 
engineering industry, especially in automotive and aircraft sectors, is the application of light 
construction materials as for example, aluminum and its alloys in order to reduce the weight 
of constructions and parts. In this case, producing stainless-steel coatings on aluminum 
surfaces is considered as a promising solution for wear and corrosion protection. In our study, 
we use the thermal spraying technique to coat two aeronautical aluminum alloys (ASTM 575 
and ASTM 2017A). Thanks to their properties, special steels such as ASTM 301(X10CrNi18-
8) find interest for tribology, wear, high-temperature, corrosion and other mechanical 
applications. The aim of this study is to evaluate qualitatively and quantitatively adhesion of 
the metal/metal multimaterials, also, the influence of mixed mode (I/III) solicitations on the 
critical interfacial fracture energy was investigated.  

 
RESULTS AND CONCLUSIONS 

According to Fig.1 and Fig. 2, it is clearly remarkable that the elaborated multimaterials 
contain a protective zinc layer against reoxidation, an aluminium alloy substrate, a Ni-Al 
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bond coat and finally a stainless-steel coating. Fig. 3 shows an example of a four-point 
delamination bending test.   

        
   Fig. 1 - Protective zinc layer against reoxidation       Fig. 2 - Multimaterial specimen example   Fig. 3 - Delaminated specimen 

  

                     

Fig. 4 - Critical interfacial fracture energy as a function of mode mixity. 

This study shows that the elaboration with a bond coat increases adhesion energy in both 

aluminium substrate cases. In the AG3 aluminium based bi-materials, the high ductility due to 

the sandblasting of surfaces, leads to inferior interfacial fracture energies. Mixed mode (I/III) 

solicitations tend to decrease critical interfacial fracture energies. 
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ABSTRACT 

The wear acceleration of Diamond-Like Carbon by additives were one of the problems to 

apply it to conventional automobiles’ parts. The wear mechanism of DLC-Si under boundary 

lubrication condition with several additives has been discussed in the automobile industry. 

The main purpose of this research was that oil additives shows wear acceleration ability or 

not. 

Keywords: diamond-like carbon, MoDTC, boundary lubrication, poly-α-olefin. 

 

INTRODUCTION 

Low friction coefficient under boundary lubrication can save energy consumption of 

automobile, which is highly required. Many contact parts are suffered friction and wear under 

boundary lubrication conditions at contact points, then they should be kept appropriate 

operating conditions with long expectancy, replacement easiness and small volume of 

themselves. Diamond-Like Carbon (DLC) is one of the potential candidates to give low 

friction, long life time because of its high hardness and chemical inertness. The low friction 

property of DLC under boundary lubrication is one of the optimistic components of sliding 

parts in automobile, therefore, many researchers want to know basic potential of many types 

of DLC using with several additives (Kalin, 2008). One of the worse wear condition of DLC 

was reported that tetrahedral amorphous carbon (ta-C) slid under poly-alphaolefine (PAO) 

with glycerol-mono-oleate (GMO) showed higher wear volume than only PAO condition 

(Tasdemir, 2014). On the other hand, the wear of hydrogenated DLC with tribo-chemical 

reaction of additives was also investigated. The mechanism of the high wear property was 

assumed that molybdenum oxide played an important role to scratch DLC surface as 

abrasives (Komori, 2015). The important factor to generate low friction and high wear proof 

of DLC was investigated several researchers using with friction modifiers (Yang, 2014), 

ZnDTP and/or GMO (Tasdemir, 2013), then some structure formed on DLC by tribo-

chemical reaction between steel/DLC was suggested. However, it was still unclear whether 

MoDTC itself enhances wear of DLC or not. In this study, the particle type MoDTC was 

prepared to add as an additive in PAO oil. Friction tests and surface observation were carried 

out. 

 

RESULTS AND CONCLUSIONS 

The specific wear rate of DLC-Si with MoDTC particles under PAO lubrication results are 

shown in Fig. 1. The value of specific wear rate increased with particle’s amount. This result 
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demonstrated that MoDTC particles had wear acceleration ability. According to the specific 

wear rate reported by the authors (Tokoroyama, 2016), the wear acceleration ability of 

MoDTC particles were higher than MoO3 particles. Generally, MoDTC is added to the base 

oil as liquid additive to protect steel alloys’ surface. However, the results mentioned above 

revealed that it could be a factor of wear acceleration material.  

 
Fig. 1 - The specific wear rate of DLC-Si with MoDTC particles under PAO lubrication 
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ABSTRACT 

In this work, we have studied the effect of the current on the nickel deposited with and 

without a weak magnetic field, in modified Watt bath, on the longitudinal surface of 

aluminum wire. The principal found results can be summarized as: the increase of current 

with presence weak magnetic field, oriented in perpendicular to the coated surface, induces   a 

nickel coating in undulatory form in some regions and the appearance of deposited in needles 

shape in other region, but the increase of   current in the absence of magnetic field induce the 

multiplication of number of nickel deposits close to spheres form distributed heterogeneously 

in the all surface.  

Keywords: aluminum, weak magnetic field, coating, needles and spheres form deposits. 

 

INTRODUCTION 

Aluminum has a high corrosion resistance and requires less protection than other metals and 

alloys, but it’s has a high thermal expansion with a low thermal conductivity in comparison to 

copper. The development of high strength and decrease heat losses, on aluminums containing 

only impurities [1-2], required surface treatments such as metal deposition. The surface of 

commercial aluminum contains intermetallic particles because the aluminum of the first 

fusion contains 0.1% iron, which is higher than the solubility limit of iron in aluminum at 

room temperature. Majority of aluminums materials are recycled, this operation increases the 

content of impurities in aluminum. Several authors have been study the nickel deposits [1-3]. 

Slimani et al have study the effect of a weak magnetic field and modified Watt bath on the 

morphology of the nickel deposits on AA1370 aluminum [1]. In this work we investigate the 

effect of the current on the nickel deposits on AA 1370 aluminum with and without the 

presence of week magnetic field. 

   

RESULTS AND CONCLUSIONS 

In the work slimani et al [1] have observed dendrictic structure of nickel deposits in some 

area, when the deposition was obtained in presence of a weak magnetic field perpendicular to 

circular surface of wire, and when the density current don’t exceed 0.106 A/cm
2
, and they 

observed that morphology of deposits change with the current density and the presence of 

magnetic field,   in this work,  we have study the wire longitudinal surface deposition, in 

presence of perpendicular magnetic field to surface  coating, and when the density current 

varies from 0.20 to 0.27 A/cm
2
 Fig1, we have observed formation of nickel coating in 

undulatory form in some regions and the appearance of deposited in needles shape in other 
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region (Fig.2). But for the same surface, in absence of magnetic a weak field, we observe 

multiplication of number of nickel deposits close to spheres form distributed heterogeneously 

in the all surface, with increase of density current.  

 
Fig. 1 - Nickel deposition current 

 

 

Fig. 2 - Morphology of nickel deposits in presence of a perpendicular magnetic filed 

 

In conclusion we can say that the nickel morphology deposition is very sensitive to the value 

of density current. 
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ABSTRACT 

It has been proven through experimentation that in spark ignition reciprocating internal 

combustion engines the piston group contributes to an overall mechanical losses in the engine 

of approximately 45%, for diesel engines the share of the piston group is around 50% of the 

total losses. It is therefore logical that in order to reduce mechanical losses in a reciprocating 

internal combustion engine one should focus on finding possible measures to reduce friction 

losses in the piston group. As a result, coating the sealing (friction) surfaces of piston rings 

and the friction parts of pistons offers a promising solution. 

Keywords: tribometer, piston ring, mechanical losses, coating. 

 

INTRODUCTION 

Increasing the efficiency of machinery and equipment is associated with reducing the lost 

energy necessary to offset friction losses arising on the contact sur-faces of mutually moving 

parts. The size of the friction losses depends on the load of the contact surfaces. At the same 

time, a significant role is played by the quality of the surface of the contact areas and the 

presence of lubrication be-tween the “contact” surfaces of moving parts, as well as the relative 

speed of the moving parts (the dependence of these factors can be shown a in general form us-

ing a so-called Stribeck curve) (Priest, 2000). In cases where mutually moving pairs operate 

in a state of steady movement it is possible to achieve low friction losses using a suitable 

lubricant (i.e. to achieve an operating state using effective hydrodynamic lubrication) - such 

cases mostly concern rotational movement. In the design of machines, however, there are 

many cases where the sliding movement between pairs is at variable speeds and rapidly 

alternating directions. In these cases, the contact surfaces of the moving parts pass from 

marginal to hydrodynamic friction. In some cases of reciprocating sliding movement it is not 

possible to safely ensure that the movement be-tween the pairs is under hydrodynamic friction 

- dry or semi-dry friction - then the friction loss increases and in these cases the quality of the 

surface of the contact area (surface roughness and coefficient of dry friction) significantly 

decreases due to these friction losses. A typical case of reciprocating sliding movement with 

significant friction losses on the overall mechanical losses of the machine is a piston group 

(piston with piston rings) in a piston combustion engine or in a piston compressor. 

 

RESULTS AND CONCLUSIONS 

The test equipment for measuring friction losses across the piston ring was structurally 

designed and physically implemented at the Technical University of Liberec. A Parker - 
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PowerRod Actuator was used to create the linear reciprocating motion with variable speed. 

Therefore, no crank mechanism was used. The drive is created by connecting the rod with the 

piston and piston rings through the de-signed reduction. The cutout of the engine block is 

placed together with a base plate on a linear line with an extremely low friction coefficient. 

The base plate is connected to the frame of the structure through a force sensor. The whole of 

the test equipment is placed behind an aluminum profile frame to facilitate making 

adjustments when changing the test components.  

 

Fig. 1 - The tribometer with linear reciprocating movement, Comparing the benefits coatings piston rings 

(black - serial version rings, blue color - rings coated with CrN, green - rings coated with NT, purple 

color - rings coated with DLC) 

The measurements performed to-date indicate high repeatability and stability of the linear 

reciprocating motion on the measured sample. The graphs show the course of the force 

depending on the position. From the results it is possible to identify the contribution of 

individual coatings to reduce mechanical losses. 
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ABSTRACT 

This work focus on the development of the electromagnetic pulse technology targeting the 
reliable processing of thin steel sheets, for the production of components for metal packaging. 
Electromagnetic actuators and dies were developed aiming to study the applicability of EMF 
for the expansion of an aerosol can body. The results indicate that the EMF process may be 
suitable for the deformation of thin steel sheets.  

Keywords: Electromagnetic forming, impulse forming, tube expansion. 

 

INTRODUCTION 

Electromagnetic forming (EMF) is a high strain-rate, non-contact forming technique which 
makes use of pulsed magnetic fields to apply forces to metal workpieces, preferably made of a 
material of high electrical conductivity. The principle is based on physical effects described 
by Maxwell, i.e. a temporally varying magnetic field induces electrical currents in nearby 
conductors, exerting forces -the so-called Lorentz forces (Psyk, 2011). 

EMF has potential benefits, such as increased formability with reduced wrinkling and 
springback. As a noncontact method, EMF avoids the need of surface protection and 
workpiece re-working. It does not create smoke or use oils or other polluters. These attributes 
have encouraged, not only the development of the process itself, but also has captured the 
interest of the academic community and its use in small batch size productions and in specific 
applications (Daehn, 2009). However, the use of this technology as a mass production process 
requires further research work in order to solve some open questions. 

The main objective of this experimental work is to contribute for the further integration of this 
advanced technology into competitive manufacturing routes. For such purpose, an industrial 
case-study was presented and explored: the feasibility of EMF process in the tube expansion 
of an aerosol can body, taking in account the needs of the packaging industry. It consists of a 
thin zinc coated steel tube which should be expanded in order to acquire specific groves and 
letters for branding purposes. 

The goal was to take advantage of the increase of formability which could potentially allow a 
reduction of the wall thickness of the tubes from 0.18mm to 0.15mm. This reduction of 
thickness means significant costs savings in terms of raw materials. In addition, the reduced 
mass follows the trend of lightweight design, i.e., a smaller thickness means less weight 
which, on the other hand, means less fuel consumption during transportation.  
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EXPERIMENTAL TESTING 

The aim of the present work is to expand a tubular workpiece in order to acquire the shape of 
a circular forming die using electromagnetic forces. It is intended to demonstrate the increase 
on formability due to high strain rates, aiming, in future planned work, to reduce the thickness 
of the metal sheets, saving not only in terms of raw material, but also in terms of packing 
transportation through the use of lighter containers. The workpiece consists of a thin wall tube 
with 45 mm external diameter, 91.5 mm length and 0.18 mm wall thickness. The material, a 
zinc coated steel sheet is typical used in the packaging industry under the designation as 0.18 
D2.8/2.0 TS275 according to the EN10202:2001 standard.  

The study on the possibility of manufacturing thin steel sheet components for metal 
packaging by electromagnetic forces started with a set of preliminary tests in exploratory 
conditions, making use of handmade disposable coils and polymeric dies. The goal was to 
assess the technical viability of the configuration of the die as well as the behavior of the steel 
tube when subjected to electromagnetic expansion. For such purpose, a polymeric die 
(RenShape® SL 7810) was produced by using a rapid prototyping stereo lithography 
technique (SLA). The die obtained by this process can be seen in Figure 1. Additionally, a 
handmade coil was produced. It consists of a copper winding around a polymeric cylinder as 
show in Figure 2. 

  

Fig. 1 - Two halves of the polymeric die obtained by rapid prototyping technique (SLA). 

 

 
Fig. 2 - Handmade coil  developed for the preliminary experiments. 
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Note that this type of actuator has a limited life-time, capable to stand only two or three 
current discharges. All the tests were performed with a capacitor bank pulse power system. 
The system is equipped with two capacitor modules in parallel, each one with a capacitance of 
40 µF, giving the machine a total capacitance of 80 µF. The maximum energy storage is 25 kJ 
when charged to the maximum voltage of 25 kV. The maximum output current is 400 kA. 

Varying discharge energy, in the range of 1.5-7 kJ were tested. 7 kJ was estimated as the 
maximum that the coil is capable to stand without severe failure. Despite the temporary 
character of the handmade coil, it is important to avoid the severe failure in order to preserve 
the integrity of the polymeric dies. As is well known, the coil is subjected to the same 
magnetic pressure that is responsible for the deformation of the workpiece, plus the thermal 
load resulted from the joule effect which can lead to coil failure.  

The results of this preliminary tests are presented in Figure 3. As can be seen, the groove was 
not completely filled and the lettering is not fully defined. Yet, the results were considered 
promising given the exploratory nature of the setup. 

 

 
Figure 1: Results of the preliminary tests: Tube electromagnetically expanded by a 

handmade coil against a polymeric die at 7 kJ. 
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CONCLUSION 

Although the development of electromagnetic forming processes is often driven by 
applications such as lightweight structures and dissimilar material joining the advantages of 
magnetic pulse technology may be attractive to other sectors such as packaging industry. The 
work presented in this paper investigated the processability of thin steel sheets by 
electromagnetic forces for production of components for metal packaging: the tube expansion 
of an aerosol can body. 

The results suggest that the use of the high speed of deformation may increase the ductility of 
the material, being a good indicator that the electromagnetic forming process can be an 
effective solution for the embossing of details in this type of applications. 
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ABSTRACT 

This work presents several case studies to manufacture lightweight aerospace parts with solid 
state welding technologies. Friction stir welding and diffusion bonding process are used for 
aluminum alloys and titanium alloys in the aerospace industry to produce complex and 
inaccessible joints without localized distortion. Pressure bonding of superalloy alloy was 
successful without any foreign materials. Diffusion bonding of dissimilar alloys of copper 
alloy and stainless steel was demonstrated to fabricate complex shape of combustion chamber 
for liquid rocket engine. The optical and scanning electron micrographs show that there is no 
notable distinction or foreign phase at the interface and the strength of the bonded interface is 
evaluated. Manufacturing of aerospace components with complex shape is successfully 
demonstrated with solid state welding processes. 

Keywords: solid state joining, titanium, aluminium, diffusion bonding, friction stir welding. 

 

INTRODUCTION 

Solid state welding is an attractive method to join materials without melting where 
mechanical properties and microstructurally homogeneous joining are important. Welding at 
solid state is obtained by applying heat, below the melting temperature of the materials and a 
microscopic force or pressure. Since solid state welding is formed from continuous mixing of 
microstructure across an interface without a liquid phase, the interface is homogeneous and 
hence mechanical properties and microstructure at the bonded region show better properties 
than fusion welding. In diffusion bonding, enough time is required to allow atomic diffusion 
at elevated temperature. In friction welding (FSW), high temperature can be obtained from the 
frictional heat induced from mechanical sliding or rotating motion between two materials. 

Diffusion bonding consisted of vacancy diffusion to allow for complete void closure and 
homogeneous bonding at the interface [1]. The whole mechanism is governed by surface 
diffusion, volume diffusion, grain boundary diffusion, and power-law creep. The bonding is 
formed from atomic migration across an interface in a solid state, and there is no metallurgical 
discontinuity at the interface and therefore mechanical properties and microstructure at the 
bonded interface are not different from those of the parent metal. This is different from a 
brazing process in which a foreign metal with a lower melting point is used to weld together. 
In brazing, a thin film of liquid filler metal is penetrated into the bond interface and hence, the 
bonding can be weak. Selection of adequate joining process depends on the type of materials, 
design, and producibility of the component. In all of the solid state joining processes, time, 
temperature, and pressure are involved. In this study, most popular solid state joining 
processes, like diffusion bonding and friction welding, are presented for typical aerospace 
materials and the optimum process condition is obtained.  
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CASE-1 DIFFUSION BONDED TANK 

The photographs of diffusion bonding press and bonded article are shown in Fig. 1(a). The 
microstructure and hydraulic pressurization test reveals the structural integrity of bonded 
region of the titanium tank [1].  

  
(a)                                             (b) 

Fig. 1 - Diffusion bonded titanium tank(a) and combustion chamber(b) 
 

CASE-2 DIFFUSION BONDED STEEL/COPPER FOR COMBUSTION CHAMBER 

In liquid rocket engine, regenerative cooling method is one of the widely applied technologies 
for a combustion chamber. The combustion chamber is composed of dual phase steel for outer 
jacket and copper alloy for inner wall with cooling channels. Diffusion bonding of copper 
alloy and steel was successfully performed to manufacture the combustion chamber in Fig. 
1(a) [2]. 

 

CASE-3 FRICTION STIR WELDING FOR ALUMINUM CYLINDER 

Since the commercial size of the aluminum plate cannot accommodate the large tank size of 
the launcher, welding several pieces is necessary. However, lithium is highly reactive and its 
compounds can decompose with heat from conventional fusion welding and form gases which 
result in formation of defects. Therefore, friction stir welding (FSW) is an attractive joining 
method for this alloy. FSW is a solid-state joining process, in which avoiding hot cracking 
and distortion without melting, and produces a mechanically mixed and softened zone of 
material. 

 
Fig. 2 - Cylindrical tank welded with FSW [3] 
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ABSTRACT 

This work proposes a new method for forming threaded holes in thin-walled workpieces using 
a combined hole making and tapping tool. The main advantages of the developed combined 
tool in compare to currently widely used separate drilling and tapping tools are that it 
eliminates the inter-operational time related to tool changing and reduces the machining time. 
An experimental testing was carried out with the developed combined tool and the axial force 
and torque was recorded. The developed brand-new fluteless drilling and tapping combined 
tool extends the conception of tapping holes, consequently it could be successfully applied in 
various fields of machining industry. 

Keywords: fluteless drilling and tapping, combined tool, prototype. 

 

INTRODUCTION 

In this study, a new method for forming threaded holes using a combined hole making and 
tapping tool was developed. Fluteless friction drilling and tapping technique is a special 
process used to create tapped holes in thin-walled metal parts (Miler 2007, Lee, 2009). This 
fluteless hole and thread forming technology is applied using separate friction drilling and 
tapping tools (Krasauskas, 2016).  

The overview of tool catalogues, research works, patents and other special literature showed 
that there are no analogous tools and experimental researches of combined tools for fluteless 
drilling and tapping. Currently widely used tools are not versatile and they do not compress 
the sharp-edged collar, which occurs on the top of the workpiece after the drilling, therefore 
an additional machining operation is required to remove the metal excess from the upper 
surface of the hole. 

This paper proposes a combined tool able to form a hole with a neck, calibrate the hole and 
the neck, tap a thread. The advantages of the designed combined tool in compare to separate 
drilling and tapping operations are that it eliminates the inter-operational time related to tool 
changing and reduces the machining time, furthermore, the sharp-edged collar is compressed 
and an additional mechanical operation for its removal is not required. 

 

COMBINED TOOL DESIGN 

The developed combined tool is presented in (Fig. 1). As it is seen from the figure, the tool 
consists of six main sections: the centring section for initial tool infeed into the workpiece; the 
drilling section for plate penetration; the calibrating section for hole diameter calibration; the 
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tapping section for forming a thread in the drilled hole, the shoulder which is used to form or 
to cut off the collar on the upper side of the workpiece and the body for clamping the tool in 
the chuck. The cross-sections of the working sections of the tool are polygonal shaped, in 
order to ensure better metal flow during the hole forming and tapping. 

The main advantages of the designed combined tool in compare to separate drilling and 
tapping operations are that it eliminates the inter-operational time related to tool changing and 
reduces the machining time. It is especially advantageous in conjunction with CNC high 
speed machining operations.  

 

 
Fig. 1 - Shape of the combined fluteless hole drilling-tapping tool 

 

The combined drilling-taping tool operates as follows (Fig. 2): due to the friction between the 
tool and the workpiece, the temperature in the contact zone rises over 600 °C, the centring 
section of the tool forms a centring hole in the workpiece, the second, drilling section 
penetrates the metal and pushes the metal excess downwards and, in this manner, a neck is 
formed on the underneath side of the workpiece. 

The third calibrating section forms and calibrates the hole with the neck until the required 
diameter for tapping is achieved. As a result, the thickness of the workpiece at the hole zone 
is increased about 3-4 times compared to the initial thickness. However, during the tool 
plunging into the workpiece, some portion of the metal is pushed upwards, thus on the top of 
the workpiece a sharp-edged collar is formed. 

 

 

a               b                 c                d                e                f                  g 

Fig. 2.  Phases of hole and thread forming in a thin plate using combined tool: a - initial contact; b - former tip 
penetration into the material; c - material flow and hole forming; d - feed and rotational speed changing; 

e - thread forming; f - tool reversing and unscrewing; g - tool withdrawal 
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After reducing the spindle speed and feed rate to the values required for tapping, the tapping 
section gradually performs tapping until the nominal thread diameter is achieved. At the end 
of the tapping, the shoulder compresses the sharp-edged collar around the hole, the tapping 
feed and the spindle rotation is reversed and the tool is withdrawn from the hole. 

 

IMPLEMENTATION AND RESULTS 

The drilling and tapping operation using a combined tool is problematical since it is necessary 
to adjust and synchronise the feed and the spindle speed while switching between the drilling 
and tapping phases. This operation on a manually operated drill press is a long-lasting process 
as it is necessary to set the spindle feed and the rotational speed for drilling, then to switch off 
these both movements and to change them for tapping, to reverse the spindle after the tapping 
for tool withdrawal. Therefore, this operation is recommended to be performed on a CNC 
machine. 

In order to ascertain the combined tool machining feasibility, a tool prototype was 
manufactured of high speed steel for drilling and tapping an M8×1.25 hole.  

An experiment of drilling and tapping was carried out on an aluminium AL 1050 plate with a 
thickness of 1.5 mm. The experimental setup (Fig. 3) consists of a Leadwell V-20 milling 
centre (1) equipped with the combined tool prototype (2), the axial force and torque were 
measured using a universal laboratory charge amplifier Kistler type 5018A (3) and a force and 
torque sensor Kistler type 9345B (4) mounted on the CNC machine table. The measuring 
ranges of the sensor: -10…10 kN for force and 25...25 Nm for torque, sensitivity: ≈-3.7 pC/N 
for force and ≈-189.7 pC/Nm for torque. The variation of the axial force and torque was 
recorded to a computer (5) using a “PicoScope 4424” oscilloscope (6) software. The 
machining program was written using G-codes. The. 

 

 
Fig. 3 - Setup of the experiment: 1 - Leadwell V-20 milling centre; 2 - combined 

tool; 3 - “Kistler” amplifier; 4 - “Kistler” force and torque sensor; 5 - personal 
computer; 6 - picoscope 4424 

 

A spindle rotational speed of 3000 rpm and a feed rate of 140 mm/min was set for the drilling 
phase. When the hole is formed, the spindle rotational speed and the feed are changed to 300 
rpm and 1.25 mm/rev for tapping an M8×1.25 thread. 
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The experimental results of the hole forming and tapping are presented in Fig. 4. 

 

 
Fig. 4 - Axial force and torque variation of a hole forming and tapping using the combined tool 

 

The graphs show that using the combined tool, the overall time of hole making and tapping is 
12 s, meanwhile, using separate tools for drilling and tapping, it would take a few minutes, 
depending on the machining type, as the tool changing operation is required. 

The experiment showed that the developed brand-new fluteless drilling and tapping combined 
tool extends the conception of tapping holes, consequently it could be successfully applied in 
various fields of machining industry. 

 

CONCLUSIONS 

A combined drilling-taping tool for chipless thermoplastic extrusion forming, calibration and 
tapping of a hole with a neck in thin metal sheets was developed. A tool prototype was 
manufactured of high speed steel for drilling and tapping an M8×1.25 hole and an experiment 
to ascertain machining feasibility was carried out. The advantages of the designed combined 
tool in compare to separate drilling and tapping operations are that it eliminates the inter-
operational time related to tool changing and reduces the machining time. It is especially 
advantageous in conjunction with CNC high speed machining operations. Due to the friction 
between the tool and the workpiece, the temperature in the contact zone rises over 600 C, 
therefore the tap is formed in the still hot hole. Compare to the cold extrusion, the hot 
extrusion needs less tapping torque and motor power. 
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ABSTRACT 

Advanced aerospace systems will experience the axial acceleration, the tangential 
acceleration, the normal acceleration and varying temperature environment during flight 
scenarios, which have seriously threatened flight reliability. In order to evaluate and qualify 
aerospace systems, it is necessary to carry out acceleration and temperature environment tests 
on the ground. A new technique for testing in a combined 3-axial acceleration and 
temperature experiment has been developed. It is able to provide a combined three axial 
accelerations and temperature environment. The configuration and working principle are 
described in detail in this paper. Besides, the system supplies a new method for the 
experiment testing of similar products. 

Keywords: 3-axial acceleration, centrifuge, system design. 

 

INTRODUCTION 

In recent years, with the development of aeronautics and astronautics, high-speed and high-
flexibility aerospace systems raise the demand for the high performance and reliability. The 
high cost of flight testing and the high consequence of system failure during an actual mission 
make ground-based testing essential for the aerospace system. However, one shortcoming of 
ground based testing is that different aspects of the flight environment are tested separately 
instead of concurrently. For example, the aerospace system will experience acceleration 
loading and temperature loading simultaneously during launch, but the environments will 
typically be simulated with separate traditional centrifuge and temperature box tests. The 
traditional centrifuge can only provide a single axial acceleration environment for testing. 
Any potential synergistic interactions among the multiple environments will not be captured 
with the conventional testing approach. Because of this uncertainty, it is desirable to test the 
environments simultaneously. This paper focuses on recent work performed at China Academy 
of Engineering Physics to combine three axial acceleration and temperature environments in a 
single test. 

In order to overcome these limitations for future testing, a new technique termed a 3-axial 
acceleration and temperature multiple experimental system has been recently developed for 
aerospace system testing in a combined three axial accelerations and temperature 
environment. The structure of this experimental system is shown in Fig.1. 

In this paper, the new technique is proposed in detail. The 3-axia acceleration and temperature 
multiple experimental system uses a traditional centrifuge as its motion base, and also has a 
long steel arm, which can turn around on an axis by a motor. Located at the terminal end of 
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the arm of this traditional centrifuge is a two gimbals support system providing two degree of 
freedom rotation; a continuous 360 degrees of rotation about the yaw (backwards and forward 
rotation) axis and roll (left and right rotation) axis. The yaw axis is mounted vertically on the 
terminal end of the arm of the system. The roll gimbals and its driver motor situate inside the 
yaw gimbals. The roll and yaw gimbals are rotated by means of motors. Then the heating 
system is added to the two gimbals support system. Therefore, the multiple environments of 
the three axial accelerations and the temperature can be simulated synchronously. 

 
Fig. 1 - Structure of the 3-axia acceleration and temperature multiple experimental system 

 

CONTROL SYSTEM DESIGN 

The structure of control system is shown in Fig.2.  

Control 
Algorithm

3 Axial 
synchronously 
control system

3 Axial 
Centrifuge 

motion

++++

----

Tuning Goal
GXYZ   is small

ω,ψ,Φ Real  GX,GY,GZ

Command  GX,GY,GZ

Load
Command

   GX,GY,GZ

GXYZ  Error

 
Fig. 2 - Structure of control system 

 

There are three steps to this transformation: 

1. Load the command of the time history curve of the three axial acceleration vector (Gx, Gy, 
Gz) to the computer, and the computer uses the optimized control algorithm to wash out the 
three motion vector time history: the rotational speed of the centrifuge arm (ω), the yaw 
angle (ψ) and the roll angle (Ф). 

2. Add the three motion vector time histories to the three axial synchronization control system, 
which synchronously controls the main motor for arm, the motor for yaw gimbals and the 
motor for roll gimbals. The synchronization control system must be real-time and accurate. 

3. The centrifuge arm accelerates to generate a mapped G magnitude, and the gimbals permit 
the missile to be continuously positioned with respect to the resultant of radial, tangential 
and vertical components of acceleration. The error between the real acceleration vector and 
the command acceleration vector can be reduced by turning some compensation factor. 
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DESIGN OF MECHANICAL SYSTEM 

A. Design of a 3.5m centrifuge 

As shown in Fig.3, the mechanical system of the 3-Axia acceleration and temperature 
multiple experimental system is composed of two main components that are a 3.5m centrifuge 
and a pod system. The 3.5m centrifuge is mainly composed of a motor, a transmission shaft 
and an arm. The motor is mounted on the base and directly drives the arm rotating through the 
transmission shaft which is supported by a pair of bearings. The main purpose of the 3.5m 
centrifuge is to generate accelerations at the place of the pod system. The arm is mounted on 
the transmission shaft through an expanding sleeve. In addition, the arm is the mounting 
plate of the pod system. 

 
Fig. 3 - Structure of mechanical system 

 

B. Design of a pod system 

The pod system is a mechanical system with double crossing axis. As shown in Fig.3, it is 
composed of an external transmission system, an internal transmission system, a rotary frame 
and a temperature test champer. The rotary frame is mounted on the external transmission 
system and is also rotated by the external transmission system. The rotary frame is also the 
mounting plate of the internal transmission system. The temperature test champer is 
connected with the internal transmission system. In addition, the temperature test champer is 
both the mounting plate and the temperature load device of test items. 

There are two main driving ways for transmission system that are a directly driving way and 
an indirectly driving way. The indirectly driving way is such a transmission system which is 
composed of servo motor and reduction box. Traditional reduction gear box includes gear box 
and harmonic gear. The directly driving way is driving directly by motor. The transmission 
system based on the indirectly driving way is so much long in the axis direction that the 
transmission system cannot meet the requirement of transmission accuracy. In addition, the 
mass of the transmission system based on the indirectly driving way is much greater than that 
of the transmission system based on the directly driving way. Therefore, the directly driving 
way is adopted about the pod system. 

C. Design of an external transmission system 

The external transmission system is composed of an external motor and an external 
transmission axis. As shown in Fig.3, the external motor is mounted vertically on the 
centrifuge arm and drives the rotary frame rotating though the transmission axis. 
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Output torque of the motor includes acceleration gradient torque, inertia torque, eccentric 
torque and friction torque. The acceleration generated by the 3.5m centrifuge is different in 
the radial direction. 

When the rotary frame rotates, acceleration gradient torque is generated because acceleration 
value of each mass point is different. The acceleration gradient torque can be got according to 
(1). The variable can be shown in Fig.4. 

m2a2

m1a1

Ө

l2

l1

    
Fig. 4 - Acceleration gradient torque 

 

The inertia torque aims to the torque that is generated by moment of inertia of the pod system. 
The inertia torque is shown in (2). J is the moment of inertia of the rotary part. ε is the angle 
acceleration. The eccentric torque aims to the torque that is generated by the eccentricity of 
the rotary part of the pod system in the acceleration environment. 

The eccentric torque is shown in (3). m is the mass of the rotary part. a is the acceleration. e is 
the eccentric displacement. The friction torque aims to the torque that is generated by friction 
of bearings. The friction torque is shown in (4). f is friction coefficient. N is the normal stress 
of the bearings. According to the torque listed above, the external motor is able to be 
designed. 

T1=m1a1l1sinθ- m2a2l2sinθ                                                   (1) 

T2=Jε                                                                                    (2) 

T3=mae                                                                                 (3) 

T4=fN                                                                                    (4) 

 

The external motor is shown in Fig.5. The external motor is mainly composed of a stator, a 
shell, a rotor, a shaft, a pair of bearings, an encoder and a collecting ring. The shell is 
mounted on the centrifuge arm. The stator is mounted on the internal surface of the shell. The 
rotor is mounted on the surface of the shaft by the means of sticking. The shaft is supported 
by a pair of bearings. 

The shaft is connected with the external transmission axis by double flat keys which can 
avoid tangential force caused by single flat key. The encoder and the collect ring are mounted 
on the end of the motor. The material of the shaft is mild steel in order to satisfy the need of 
magneto conductivity. And the other parts of the motor are made of high strength steel. 
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Fig. 5 - External motor 

 

The external transmission axis is shown in Fig.6. Its function is to transfer torque and to 
support the rotary frame. In order to decrease mass and pass cable, there is a big hole in the 
center of the transmission axis. The rotary shaft is supported by a bearing. The direction of the 
acceleration is always perpendicular to the axis of the external transmission system. Then, a 
kind of double row deep groove ball bearings is adopted to support the combined load mainly 
consisting of radial load. And the rotary shaft is connected with the rotary frame by an 
expanding sleeve. Therefore, the external motor can drive the rotary frame rotating. 

 

Fig. 6 - External transmission axis 

 

D. Design of an internal transmission system 

The internal transmission system is composed of internal motor axis and internal transmission 
axis. As shown in Fig.3, the internal motor is mounted vertically on the rotary frame and 
drives the temperature test champer rotating around the internal transmission axis. 
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Fig. 7 - Internal motor 

 

Output torque of the internal motor is similar to the external motor. Structure of the internal 
motor is shown in Fig.7. Its function is to drive the temperature test champer rotating. 
Composing of the internal motor is similar to the external motor. The main difference is that 
there is just only one bearing inside the internal motor to support the shaft, because the shaft 
is also supported by the internal transmission axis which is connected with the shaft. Then, 
mass and height of the internal motor can be decreased. 

 

Fig. 8 - Internal transmission axis 

 

The internal transmission axis is shown in Fig.8. Its function is to transfer torque and support 
the temperature champer. Similar to the external transmission axis, it is hollow in the center 
of the transmission axis to decrease mass and pass cable. Rotary shaft is supported by a pair 
of tapered roller bearings. The rotary shaft is connected with the temperature champer by 
bolts. 

In order to validate the reliability and stability of the internal motor and the external motor in 
the acceleration environment, a prototype of the motor is made. As shown in Fig.9, the 
prototype has been tested in the 3-axial acceleration environment. It is validated that the 
sample of the motor works well. 
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Fig. 9 - Acceleration test of the motor 

 

E. Design of a rotary frame 

In order to reduce moment of inertia of the 3-Axia acceleration and temperature multiple 
experimental system, it is necessary to minimize the mass of the rotary frame. Therefore, the 
rotary frame is designed with topology optimization based on variable density method. 

 
Fig. 10 - Topology model 

 
Based on the software of Hyperwoks/Optistruct, topology model of the rotary frame is shown 
in Fig.10. The part of the rotary axis is non-design district whose color is white in Fig.10. And 
the rest part is design district whose color is blue in Fig.10. Mass load simulates the internal 
transmission system, the mass of the test item and the temperature test champer. The 
constraint is also set to the topology model. In addition, the topology design of the rotary 
frame is set in the 3-axial acceleration environment. 

After the topology optimization based on the variable density method, the material with 
intermediate density can be obtained. This is not consistent with the actual design that the 
density of the material must be 0 or 1. As a result, threshold value of the intermediate density 
has to be set to remove the material with intermediate density. In order to get density 
nephogram with clear structure and continuous material, the threshold value is usually set to 
the values between 0.1 and 0.3. In this paper, the threshold value is set as 0.13. 

Non-design district 

Constraint 

Design district 

Mass load 



Topic-G: Mechanical Design and Prototyping 
 
 

-728- 

 
Fig. 11 - Topology result 

 

The result of topology optimization is shown in Fig.11. According to the result, there are 
chamfers in four corners of the rotary frame. Therefore, the final design model can be get as 
shown in Fig.12. The rotary frame is made by the means of jointing with steel plates. 

 

Fig. 12 - Final model 
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F. Design of a temperature test champer 

 

 

Fig. 13 - Structure of the temperature test champer 

 

The temperature test champer is not only a temperature load device, but also a mounting plate 
of the test item. It is composed of a left container, a mounting plate, a heating pipe, an 
adiabatic layer and a right container. As shown in Fig.13, the left container, the right 
container and the mounting plate are connected with each other by bolts. The test item can be 
mounted on the mounting plate. The left container and the right container are respectively 
connected with the internal motors. Both of the containers are made of aluminum metal for 
lightweight design. The adiabatic layer is mounted on the internal surface of the containers by 
a layer of steel board. In addition, the heating pipe which aims to heat the test item is mounted 
on the steel board. 

 

CONCLUSION 

A novel approach to generate a combined three axial accelerations and temperature 
environment is introduced in this paper. Design of such a 3-axial acceleration and temperature 
multiple experimental system is much more challenging than that of a traditional centrifuge.  
But careful analysis and fixture design can be applied to meet the required specifications. The 
system can provide a way to analyze the effects of the three axial accelerations on the 
structure and performance of aerospace systems. This system can also provide a reference for 
similar environmental system designers. 
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ABSTRACT 

This paper deals with a modal parametric study for fixed-free double-lap adhesively bonded 
laminated plates using a mathematical model based on the Hamilton’s principle and solved 
numerically using the finite element discretization method programmed on MATLAB. 
Validation was carried out through ANSYS Workench. 
The following parameters were examined: adherents fibers’ fraction volume, adhesive’s 
thickness, overlap length, adherents’ thicknesses and adhesive Young’s Modulus. The results 
have shown fibers fraction volume and thicknesses as well as overlap length affect 
remarkably the natural frequencies of free vibration while adhesive thickness was found to 
have no effect. Finally, in the low margin of adhesive’s Young’s moduli, the natural 
frequencies were found to increase remarkably with the adhesive Young’s modulus, while for 
higher Young’s moduli the natural frequencies increase very slightly. 

Keywords: free vibration; bonded joints; finite element method. 

 

INTRODUCTION 

It is known that composites are very sensitive to disruption such as holes creation; hence one 
of the best techniques to assemble composites with avoiding the traditional ways of 
assembling such as screwing or riveting, is adhesively bonding. Mechanical behavior of such 
complex structures was a main concern of many researchers. An important aspect to be 
investigated is the vibrational behavior. Many geometries of specimens were proposed 
especially the single lap joint. The studies were divided between analytical, experimental and 
numerical. 

One can cite the work of (He, 2001) who applied the finite element technique on a 
cantilevered single lap joint to investigate the effect of Young’s modulus and Poisson’s ratio 
of the adhesive on the natural frequencies of transverse vibration. Two numerical approaches 
to study the influence of geometrical parameters of single lap joints on natural frequencies 
were the main concern of (Gunes, 2007). The same authors (Gunes, 2010) extended the 
previous work for ceramic and metallic adherends where the influence of the thickness was 
investigated. Moreover, in the paper of (He, 2014) a detailed numerical approach of torsional 
vibration of single lap joints was developed. A full experimental study of a bonded metallic 
mean was the main interest of (Garcia-Baruetabeña, 2014): they examined the effect of 
geometrical parameters on the resonant frequencies, amplitudes of vibration and loss factors. 
The paper of (Du, 2014) has focused on the relationship between vibrating fatigue cycles and 
modal frequencies; in addition they studied numerically the effect of adhesive modulus of 



Topic-G: Mechanical Design and Prototyping 
 
 

-732- 

elasticity and contact area.  An analytical model describing wave propagation in a single lap 
composite joint was established in (Samaratunga, 2015) where a numerical validation on 
ABAQUS was carried out. ANSYS Workbench was the numerical tool of (Zeaiter, 2016) to 
investigate the effect of materials substrates of a double-lap joint on the first ten resonant 
frequencies where five different metals were considered. 

On the other hand, fewer are the works that considered adhesively bonded joints under 
external harmonic excitation. (Vaziri, 2001) applied an out-of plane harmonic force on a 
voided-single-lap joint; a closed-form analytical model was established to find the dynamic 
response. An almost similar work was accomplished in (Vaziri, 2002) for an axial harmonic 
force applied on a voided-tubular joint. Moreover, a closed form analytical model to calculate 
dynamic shear in the glue layer was derived in (Challita, 2012) on a double-lap metallic joint 
with elastic adhesive subjected to harmonic axial force; the model was based on the modified 
shear-lag model. (Al-Mitani, 2016) has extended the previous work for composite substrates 
and visco-elastic adhesive, 

In the present work, the double-lap composite joint will be considered, an energy-based-
formulation will be proposed to evaluate the resonant frequencies and many parameters will 
be investigated to show their influence on those frequencies. 

 

MATHEMATICAL MODEL 

Specimen geometry 

The specimen’s geometry adopted in this study is the double lap joint shown in Fig. 1. The 
structure is constituted of three rectangular plates of length	� and width �, bonded together. 
The middle plate of thickness �� is shifted horizontally with respect to the two other 
cantilevered plates of thickness �� with an overlap length �. The other end of the middle plate 
is free. Bonding is applied between the upper and the middle plates and between the middle 
and the lower plates with a thickness ta.  

 
Fig. 1 - Double-lap joint geometry and dimensions 

 

Assumptions 

In this study, the following assumptions are considered: (1) Small deformations, (2) the 
adhesive is under the anti-plane stress state,(3) all materials used are homogeneous and 
linearly elastic, (4) the peel and shear stresses along the thickness direction in the adhesive 
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layer are assumed uniform and (5) the transverse normal modulus of adhesive is much lower 
than that of the adherents so that the transverse normal deformation of the adherents is 
negligible in comparison with that of the adhesive. 
 

Energy formulation 

According to the Hamilton’s principle, 

� 	
� �  �����
��

��
� 0 

Where� and are the kinetic and strain energy of the system. W is the total work done on the 
system by the external forces, not considered in the modal analysis. 
The kinetic and strain energy of each plate and each adhesive layer are expressed as function 
of the deformation vector. 
 

Finite Element discretization 

The problem described in the continuous domain is discretized into isoparametric, 8-noded 
serendipity elements with first order shear deformation for each plate and each adhesive layer, 
using the finite element method (FEM), by transforming the physical coordinates into local 
coordinates as shown in Fig. 2 and Fig. 3. Shape functions developed for 8-noded serendipity 
elements are used to discretize the domain. Stiffness and Mass matrices of each plate and each 
adhesive layer are then derived and assembled on the whole structure; total mass and stiffness 
matrices are obtained and the following Eigen-equation can be solved for determining the 
natural frequencies: 


������ � �����∆� � 0 
The natural frequencies and the mode shapes are then obtained and the modal problem is 
solved. 

 
Fig. 2 - Finite Element discretization 

 
 
 

Fig. 3 - 8-noded serendipity element (a) local coordinates (b) global coordinates 

(a) (b) 
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NUMERICAL MODEL 

The following assumptions are to be considered: only linear elastic material behavior is valid, 
small deflection theory is used, and no nonlinearities are included, damping matrix ��� is not 
present, so damping is not included, applied forces vector � � is not presentsince free 
vibration is considered. The following steps must be respected in ANSYS in order to create 
the model and collect the results; draw geometry, assign material properties, define contact 
regions(bonded), define mesh controls: In this case, automatic mesh generation, include 
supports: 2 fixed ends and one free end, request frequency finder results, set frequency finder 
options, solve the model, review results. 

 

 
Fig. 4 - Mesh generation on ANSYS Workbench 

 

VALIDATION 

The mathematical model developed earlier is set and solved on MATLAB and the collected 
results are compared and validated with the ones obtained from numerical model simulation 
on ANSYS Workbench with a model based on the finite element method; the mesh 
considered is an hexahedron element as shown in Fig. 4, and the mesh size is automatically 
generated, giving the best results with optimized time of resolution. 
 
The considered substrate is glass fiber- epoxy laminate with (0°/90°) unidirectional layers’ 
direction and 0.5&& thickness. The mechanical properties of one 0°layer are given in Table 
1. Adhesive between substrates is epoxy/resin, and its mechanical properties are given in 
Table 2. 
 

Table 1 - Mechanical properties of unidirectional glass fiber-epoxy laminate 

Properties Symbol Value 

Longitudinal Young's Modulus (MPa) '( 46,000 

Transverse Young's Modulus (MPa) ') 10,000 

Longitudinal Shear Modulus (MPa) *() 4,600 

Longitudinal Poisson's Ratio +() 0.31 

Density (kg/m3) , 2,100 
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Table 2 - Isotropic properties of epoxy adhesive 

Properties Symbol Value 

Young's Modulus (MPa) '- 500 

Poisson's Ratio +- 0.35 

Density (kg/m3) ,- 1,595 

 
Fig. 5 shows a natural frequencies’ comparison between the analytical model solved on 
MATLAB and the numerical model of ANSYS Workbench for composite substrate. 
Maximum error of 8.53% is reached at mode 7. The relative error related to the fundamental 
frequency is 3.53%. The model is validated for composite substrate. 
 

 
Fig. 5 - Natural Frequencies comparison between ANSYS results and mathematical model 

for DLJ glass-epoxy composite. 
 

PARAMETRIC STUDY 

Fixed and variable parameters 

In this study, some parameters are considered as constant in the structure’s design and do not 
interfere in the parametric study: plates length:	� � 100&&, plates width:  � � 30&&, 
plates’ material glass/polypropylene 0°/90° with varying fibers fraction volume, adhesive’s 
Poisson ratio +- � 0.3, adhesive’s density ,- � 1595	Kg/m3. 
 

Table 3 - Mechanical and geometric parameters variation 

Fibers fraction 
volume 

(%) 

Adhesive's 
thickness 

(mm) 

Adhesive Young's 
Modulus (MPa) 

Plates' 
thickness (mm) 

Overlap 
(mm) 

20 0.05 200 1 10 

30 0.1 500 1.5 20 

40 0.15 1000* 2* 30* 

50 0.2* 2000 2.5 40 

60* 0.25 5000 3 50 

 0.3 10000  60 

    70 

    80 

    90 
*Values in bold are considered as “reference values” for the corresponding parameter. 
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Geometric and mechanical properties of the structure affect the vibrational behavior of the 
system. Hence, a parametric study is presented for double-lap adhesively bonded, laminated 
plates, by varying the different parameters as shown in Table 3: Fibers’ fraction volume, 
Adhesive’s thickness, Overlap Length, Adherents’ thicknesses, Adhesive Young’s Modulus. 
The results are then discussed and analyzed to study the effect of each parameter on the 
vibrational behavior, leading to a better design of the structure. 

 
Variation of the Fibers’ fraction volume 

The Fibers fraction volume in a laminated structure affects the mechanical properties of the 
material, such as the Young’s Modulus, the Poisson Ratio and the Shear Modulus in every 
direction. The variation of the engineering constants and density of the plates with the fibers 
fraction volume are presented in Table 4. 

 

Table 4 - Variation of engineering constants and density of the plates with the fibers fraction volume 

 
 
The influence of the fraction volume of fibers on the resonant frequencies is graphically 
plotted in Fig. 6. The results show an increase of the frequency by increasing the fibers’ 
fraction and hence improving the stiffness matrix.  
This increase is weak for the first mode. In fact, between 20% and 60% of fibers fraction 
volume, the natural frequency varies between 83.209Hz and 108.5Hz, equivalent to 0.63Hz 
increase per 1% of fibers fraction volume increase. The increase becomes strong for higher 
modes: approximately 2Hz for mode 2, 2.86Hz for mode 3, 2.38Hz for mode 4, 6.10Hz for 
mode 5 and 7.46Hz for mode 6 per 1% of fibers fraction volume increase. 

 

 
Fig. 6 - Graphical representations of the first 6 modes resulting from variation of fibers fraction volume with 

respect to the reference model 
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30 7.063 7.063 2.117 0.1 0.163 0.163 0.743 0.91 0.91 1.197 

40 8.976 8.976 2.443 0.086 0.1572 0.1572 0.86 1.05 1.05 1.296 

50 10.947 10.947 2.891 0.0794 0.1496 0.1496 1.02 1.242 1.242 1.395 

60 13.02 13.02 3.542 0.073 0.1412 0.1412 1.253 1.523 1.523 1.494 
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Variation of the adhesive’s thickness 

The variation of the adhesive’s thickness effect on the free vibration is presented in this part. 
The natural frequency variation with the adhesive’s thickness is plotted in Fig. 7. Results 
show that the increase of the adhesive’s thickness affects slightly the increase of the natural 
frequencies for modes 1, 2, 3, and 5: between 0.05mm and 0.3mm adhesive’s thickness, the 
frequency increases with a rate 5% for mode 1, 7% for mode 2, 0.6% for mode 3, 5.5% for 
mode 5 and 0.03% for mode 6. For mode 4, a more important increase in the natural 
frequencies can be noticed, especially for low adhesive’s thickness: between 0.05mm and 
0.15mm, the frequency increases from 639.6Hz to 847.3Hz. This can be explained by the fact 
that mode 4 is a torsional mode around X axis where the adhesive thickness affects the 
vibrational behavior of the structure. 

 

 

Fig. 7 - Graphical representations of the first 6 modes resulting from variation of Adhesive’s thickness with 
respect to the reference model 

 
 

Variation of the overlap length 

 

Fig. 8 - Graphical representations of the first 6 modes resulting from variation of the overlap length with respect 
to the reference model 

0

200

400

600

800

1000

1200

1400

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35

F
re
q
u
e
n
c
y
 (
H
z
)

Adhesive's thickness ta (mm)

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Mode 6

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0 20 40 60 80 100

F
re
q
u
e
n
c
y
 (
H
z
)

Overlap (mm)

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Mode 6



Topic-G: Mechanical Design and Prototyping 
 
 

-738- 

The overlap length variation effect is now studied. The results are shown in Fig. 8 and show 
the remarkable influence of the overlap length on the natural frequency; an increase in the 
overlap length leads to an important increase in the natural frequency. The mean frequency 
increasing ratio with the overlap between 10 mm and 90 mm is approximately 4. 

The rate of the natural frequency increment with the overlap length is: 4.6Hz/mm, 8.4Hz/mm, 
17.5Hz/mm, 18.9Hz/mm, 38.4Hz/mm, and 39.8Hz/mm for modes 1, 2, 3, 4, 5 and 6 
respectively. 

It can also be noticed that for modes 5 and 6 and for an overlap between 10 mm and 30 mm, 
and between 70 mm and 90 mm, the corresponding natural frequencies values are very close.  

 

Variation of the Adherents’ thicknesses 

The variation effect of the adherents’ thickness on the vibrational response is presented in this 
part. The results are shown in Fig. 9. It is noticed that for low modes, the natural frequency 
increase with the plates’ thickness increase is weak: 32Hz/mm for mode 1, 81.2 Hz/mm for 
mode 2. And the natural frequency for mode 3 between 1 mm and 2.5 mm is quite constant. 
For higher modes, the increase of the natural frequency with the plates’ thickness becomes 
higher: 154.4Hz/mm for mode 4, 302.4Hz/mm for mode 5 and 352.27Hz/mm for mode 6. 
 
 

 
Fig. 9 - Graphical representations of the first 6 modes resulting from variation of the adherents’ 

thicknesses with respect to the reference model 

 
 

Variation of the adhesive Young’s modulus 

The variation effect of the adhesive Young’s modulus on the natural frequency is presented in 
this part, with a variation between 200 MPa and 10000 MPa. The results are shown in Fig. 10. 
It is noticed that for low Young moduli, between 200MPa and 1000MPa, and especially for 
modes 4 and 5, the natural frequency increases with the adhesive Young modulus.  But for 
higher Young’s moduli, it is well noticed for the 6 modes that the natural frequency varies 
slightly between 2000 MPa and 10000 MPa: 0.74Hz/1GPa for mode 1, 4.18Hz/1GPa for 
mode 2, 0.065Hz/1GPa for mode 3, 8.37Hz/GPa for mode 4, 7.5Hz/1GPa for mode 5 and 
2.63Hz/1GPa for mode 6.  
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Fig. 10 - Graphical representations of the first 6 modes resulting from variation of adhesive Young’s 

modulus with respect to the reference model 

 

CONCLUSION 

A parametric study on the adhesively composite double-lap joints is presented in this paper. 
First, a finite element mathematical model of the Double-lap adhesively bonded structure, 
based on Hamilton’s principle, was presented. Next, the model is compared with numerical 
model on ANSYS Workbench. The results have shown good agreement between both models 
for composite. Then, the parametric study is established and the results have shown that 
substrates’ fibers fraction volume and thicknesse, as well as the overlap length affect 
remarkably the natural frequencies of free vibration while adhesive thickness does not to have 
any effect, except for the torsional mode (mode 4). Finally, in the low margin of adhesive’s 
Young’s moduli, the natural frequencies were found to increase remarkably with the adhesive 
Young’s modulus, while for higher Young’s moduli the natural frequencies increase very 
slightly. 
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ABSTRACT 

This paper proposes an enhanced rhombus-type compact compliant mechanism with large 
displacement amplification capacity and high natural frequency. We made this by the strategy 
of parallel mechanism in which more than one flexure arm are superimposed. In order to 
eliminate the resulting enlargement of stress concentration, a super ellipse fillet with a 
shoulder is designed and verified a 30% stress concentration reduction compared with the 
widespread circular fillet by finite element analysis, which, to our knowledge, is the first 
attempt to actively suppress the stress concentration for a compliant mechanism. Based on the 
configuration design, the prototype is fabricated and experimentally tested. The FEM and 
experimental results show that the proposed complaint mechanism exhibits the same 
displacement amplification ratio but nearly double natural frequency compared with the 
commercial rhombus-type compliant mechanism under the same geometric parameters. 
Furthermore, relatively exact theoretical formulas for displacement amplification ratio and 
natural frequency are established and comparatively verified by FEM and experiments, which 
is further served as an insightful tool for evaluating and optimizing the amplified actuators. 

Keywords: piezoelectric actuator, compliant mechanism, flexure hinge. 

 

INTRODUCTION 

Benefited from high resolution, large output force, fast dynamic response of piezoelectric 
actuators and displacement amplification/guiding function of flexure-based compliant 
mechanisms without wear, backlash or friction, piezo-actuated compliant mechanisms have 
currently emerged as the most widely and popularly used ultra-precision driving and 
positioning technology for applications in atomic force microscopes (AFM), optical 
alignment, precision machining, nanoscale object manipulations, and so on. Recent interests 
and demands for developing video-rate AFM, high-throughput probe-based nanofabrication 
and high-frequency vibration generator for assisted-machining are posing new challenges for 
design and control of high-bandwidth and large-range compliant mechanisms. And the 
previous studies mainly focused on making the trade-off between natural frequency and 
motion range by designing a proper topology.  

 

RESULTS AND CONCLUSIONS 

Aiming to break the deadlock that one must make a compromise between the bandwidth and 
travel range of a compliant mechanism, this paper propose an enhanced rhombus-type 
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compact compliant mechanism with large displacement amplification capacity and high 
natural frequency. It comes true by the strategy of parallel mechanism in which more than one 
flexure arm are superimposed. In order to eliminate the resulting enlargement of stress 
concentration, a super ellipse fillet with a shoulder is designed and verified a 30% stress 
concentration reduction compared with the widespread circular fillet by finite element 
analysis, which, to our knowledge, is the first attempt to actively suppress the stress 
concentration for a compliant mechanism. 

The prototype is monolithically fabricated by wire electrical discharge machining process. 
The FEM and experimental results show that the proposed mechanism exhibits the same 
displacement amplification ratio but nearly double natural frequency compared with the 
commercial rhombus-type compliant mechanism under the same geometric parameters. 
Furthermore, relatively exact theoretical formulas for displacement amplification ratio and 
natural frequency are established and comparatively verified by FEM and experiments, which 
is further served as an insightful tool for evaluating and optimizing the amplified actuators. 
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ABSTRACT 

Industrial applications of LED (light-emitting diode) technology for the streets, terminals, 
stadiums etc. luminaires are taking more and more important role in lightning industry. Even 
though LED luminaires are much more energy efficient than traditional lighting however 
these luminaires are exposed to high temperature influence. In this work the luminaire body 
cooling is investigated at variable environmental conditions such as wind speed, direction and 
ambient temperature. Properties of the cooling fins of luminaire body are investigated using 
FEA models as well as appropriate metamodels. Numerical procedures of the cooling fins 
robust shape optimization will be discussed in details. 

Keywords: LED luminaires, finite element analysis, metamodeling, shape optimization. 

 

INTRODUCTION 

Nowadays very actual is LED luminaire usage in different industrial and infrastructure 
applications. LED luminaries must be not only highly energy efficient but also up to quality 
lightning parameters and with high electrical and mechanical safety. Luminaires must work in 
the specified temperature limits to warranty the stable and qualitative light flow. It is very 
important to ensure LED’s with appropriate cooling to increase their lifetime and lightning 
quality.  

 
Fig. 1 - Flood light luminaire 

 
Fig. 2 - The initial shape of cooling fins  

 

In this work the flood light luminaire (Fig.1) cooling fins are designed. LED’s cooling is 
analyzed at maximum power (750W) and different environmental conditions - wind speed, 
direction and ambient temperature. FEA is used to evaluate temperature responses of the 
luminaire body for different parameters and initial shape of cooling fins (Fig.2).  
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PROCEDURE AND RESULTS OF OPTIMIZATION  

Dependence of temperature on LED’s (Fig. 3a, 3b) from different wind directions and speeds 
are found using FEA. Thermal analysis shows that wind direction has a significant effect on 
luminaire cooling at ambient temperature 200C. Wind in x direction (Fig 4b.) ensures better 
cooling than wind in y direction (Fig. 4a.). The obtained results are used for metamodel based 
shape optimization of the flood light luminaire aluminum body cooling fins.  

 

 
(a)                                                                            (b) 

Fig. 3 - Luminaire temperature for different wind direction 

 
(a)                                                                               (b) 

Fig. 4 - Dependence of maximal temperature in luminaire body from wind speed 

 

In work [1] shape optimization of construction has been performed considering strength 
parameters. For the LED luminaire it is important not only strength but also temperature 
characteristics. Using of metamodels allow taking into account the influence of variable 
environmental factors on designed mechanical element shape without time consuming 
computations. Developed methodology and software are successfully used for shape 
optimization of the LED luminaire cooling fins that allow giving practical recommendations 
for manufacturers. 
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ABSTRACT 

This work investigates the effect of thermal bending on the tensile strength of bamboo canes. 
Two different bending-radii as well as the inner, outer and neutral fibre of bent bamboo canes 
are mechanically tested with a hydraulic testing machine. The results show a loss of tensile 
strength of up to 54% compared to a non-bent bamboo cane. In a current research project 
(Technical Product Harvesting) the growth of bamboo is directly manipulated into certain 
bending angles, with the goal to avoid additional manufacturing steps and energy input 
required for the thermal bending. The results allow the prospect that due to superior tensile 
strength compared to thermal bending it is furthermore worth mechanically to manipulate the 
bamboo’s growth next its positive effect on the CO2-footprint.  

Keywords: bamboo structures, biomechanics, technical product harvesting. 

 

INTRODUCTION 

The demand for ecologically produced and sustainably operable products is constantly 
growing. This leads to ongoing research for material scientists, engineers and architects to 
explore new sustainable processes and materials. Exploiting the potential of natural materials 
by manipulating organisms during their growth period with external moulds is one of the 
approaches being investigated. By harvesting semi-finished products, manufacturing steps, 
including energetic as well as monetary input, can potentially be saved. It is further expected 
that naturally grown structures have fully unscathed cells and therefore show stronger 
properties than structures that have been treated and bent after their growth period. 

This work quantifies the potential of the described procedure for the example of bent bamboo 
canes by investigating the loss of tensile strength resulting from the thermal bending process. 
Tensile strength of bamboo depends on the species and age of the specimen, since the 
lignification process takes up to 5 years after the growth is finished. Furthermore, the 
moisture content of the structure is relevant. As a result the range for the tensile strength 
referring to literature varies from 54 N/mm² to 335 N/mm², also depending on the species, age 
and diameter which are often not particularly specified (Arce-Villalobos, 1993; Atrops, 1969).  

Two different species of bamboo, Phyllostachys bissetii (P. bissetii, age: three and seven 
years after harvesting) and Phyllostachys vivax, (P. vivax, age: three years after harvesting) 
that were grown in Aachen, Germany with inner bending radii of 60 and 120 mm are 
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investigated. The results of material samples, extracted from the inner, outer and neutral fibre 
of the bent section are compared to tensile specimen of non-bent bamboo canes. The tests are 
executed using a hydraulic testing machine according to DIN EN ISO 6892-1. For each 
scenario six specimens are tested and interpreted by means of a 3³-factorial design of 
experiment considering species including age, bending radius and origin of specimen. 

 

RESULTS AND CONCLUSIONS 

The results from the tensile strength tests for a 3-year-old P. bissetii, thermally bent with a 
60 mm inner radius and for a 3-year-old P. vivax, thermally bent with a 120 mm inner radius 
are exemplarily shown in Fig. 1. For all tests the tensile strength is highest for the non-bent 
structure, lower for to the outer, even lower for the neutral fibre and lowest for the inner fibre. 
The tensile strength for the small bending radius of 60 mm of a 3-year-old P. bissetii goes 
down by 54% to 117 N/mm² compared to the non-bent structure that can withstand 
251 N/mm² (Fig. 1, left). The loss of the tensile strength for a 3-year-old P. vivax for bigger 
bending radii of 120 mm is lower with 26% (Fig. 1, right), The tensile strength of the non-
bent structure of the P. vivax starts with only 80% compared to P. bissetii. 

        
(a)                                                                                       (b)   

Fig. 1 - Analysis of tensile strength:  
(a) 3-year-old P. bissetii, radius 60 mm; (b) 3-year-old P. vivax, radius 120 mm 

This study shows that there is a loss of tensile strength of up to 54% if bamboo is bent 
thermally after the growth has terminated. The impact of the loss is in particular dependent on 
the bending radius and rises with decreasing radii. It is expected that bamboo grown into a 
certain angle by means of an external mould in order to achieve similar bending radii will 
feature better tensile strength compared to thermally-bent bamboo. Tests of already harvested 
and currently lignifying bamboo that was manipulated to grow into a 90° angle will be 
executed soon to verify the hypothesis. Furthermore microscopical cell-analysis of both 
thermally-bent and growth-manipulated bamboo canes will be executed to allow inferences to 
be drawn about the mechanical behaviour and the conditions of the cell structure. 
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ABSTRACT 

Karakuri is a mechanical device that utilizes natural physical phenomena (most frequently 
gravity force and electromagnetism) and elemental mechanisms (cams, springs, levers, rollers 
etc.) to perform handling operations in a less-energy or low-energy mode.  Karakuri 
mechanisms as part of so-called low cost automation (LCA) are usually utilized for handling 
operations. The paper deals with the advanced modelling of the mechanical behavior of the 
karakuri trolley that uses accumulation of potential energy in compression springs. The 
presented research was focused on the mechanical characteristics of the specific karakuri 
trolley that has significant potential for use in industry or services.  

Keywords: low cost automation, karakuri, equations of motion, modelling, mechanism. 

 

INTRODUCTION 

A new phenomenon in the low cost automation design is among others need for energy 
consumption reduction. This aspect leads to the so-called low-energy or no-energy 
automation. One of this forms of LCA are karakuri mechanisms with their minimal impact on 
the environment. During last two decades karakuri-based devices were designed and realized 
mainly in the automotive industry to save energy, to decrease work-load or to reduce time of 
production or handling operations.  Theoretical and practical problem of karakuri mechanisms 
is their mechanical behavior. For this reason a research aimed at karakuri trolley (Fig. 1) 
mechanical behavior mainly at the reversal points was realized. 

 
Fig. 1 - Experimental karakuri trolley 

Theoretical part of the research was focused on the behavior of dynamical systems with 
friction damping described by the differential equation of motion of 2nd order (1). The 
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equation was solved using mathematical software MAPLE with graphical output. The method 
of weight reduction trolley with consideration of the influence of friction in moving parts was 
utilized.  

mr ẍ + 4 k 
9�9:
9;9< [z0 + 

9�9:
9;9< (x - x0)] =  [(mb+mz) g - 4 FT]  

9�9:
9;9< - mcelk g 

=	
9<	 
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9;9< )

2 x = [(mb+mz) g - 4 FT]  
9�9:
9;9< - mcelk g 

=	
9<	 - 4 k 

9�9:
9;9< (z0 - 

9�9:
9;9<  x0)     (1) 

 

The dynamic behavior of the karakuri trolley has also been tested through repeated physical 
measuring of time and distance by standard measuring instruments, calibrated scale and by 
video-records analysis. The goal of research was also compare theoretical and experimental 
values from the point of view of travel and velocity.   
 

 

 
Fig. 2 - Curve describing mechanical behavior of karakuri trolley  

 

RESULTS AND CONCLUSIONS 

The results obtained by calculations and experiments showed for instance the following: 

- Both traveled distance and velocity of trolley depend on weight of transported object. 
- Mechanical behavior depends on the stiffness of the springs and friction. 
- Distance travelled by karakuri trolley can be extended by utilization of the kinetic energy 

accumulation to the deformation energy of compression springs at the reversal points. 
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ABSTRACT 

Flood barriers prevent invading water on protected side of the barrier or into buildings. There 
is an increasing requirement for flood barriers innovation due to more severe weather patterns 
predicted by global warming. Innovators should be aware that further barrier development is 
possible only when applying the systematic approach and design methodology in all stages of 
engineering design.  Systematic approach in this case means that designers and engineers 
rigorously apply scientific knowledge, integrate different constraints and user priorities, 
carefully plan and systematically solve technical problems. This paper therefore deals with 
the complex approach to design that can bring new innovative concepts to design of 
mechanical flood barriers. Using methods such as e.g. QFD, TRIZ, FOS or mathematical 
modelling and FEM is presented in connection with the innovation portable flood barrier. 

Keywords: flood barrier, design, concept, QFD, TRIZ, FOS, modelling, FEM. 

 

INTRODUCTION 

Two information transformations are required to determine design specification.  During the 
first transformation the user's needs are translated to functional requirements. The second 
transformation takes place when converting the functional requirements to product 
characteristics. In today's world of technology, which leads to accelerated development e.g. in 
technologies or material science, to include to the mentioned transformations only 
information from users or information about other similar products is insufficient. That's 
because users do not have and cannot have sufficient knowledge of the possibilities of current 
technologies or have not access to information about trends in the relevant fields of 
technology. For that reason it is necessary to enrich traditional approach to determination of 
the design specification.  First technological, ecological, economic and social trends should be 
included in a set of functional requirements (needs). Secondly relevant engineering 
characteristics with affinity to technological, social or economic trends should be involved 
into process of design specification determining as well. Third designers should additionally 
include information obtained by modelling that can objectively on the basis of physical and 
chemical laws extend set of suitable engineering characteristics describing future technical 
product.  

After design specification determining logical process of problem solving or progressive 
techniques supporting designer´s creativity should be used to obtain a concept of innovative 
solution. Among these techniques we can include function oriented search, 40 inventive 
principles and heuristics, laws or trends of evolution of technical systems, multilevel system 
thinking etc. 
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Utilization of the described complex approach to concept generation will be demonstrated on 
portable flood barrier. 

 

   

Fig. 1 - Modelling of flood barrier behavior 

 

RESULTS AND CONCLUSIONS 

Without a more complex approach to concept generation flood barriers cannot accomplish the 
necessary parameters as speed and simplicity of installation or dynamic impact resistance. It 
is useful to include extended information base obtained by modelling that can objectively 
extend set of suitable engineering characteristics describing parameters of future products. It 
was also confirmed that it is appropriate and necessary to use advanced tools of innovation 
science as inventive principles or trends of evolution of technical systems. By the complex 
approach to design specification and concept generation the new concepts of flood barriers 
were proposed.  
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ABSTRACT 

This paper reports the investigation results of the working model of rotors with variable 
geometry parameters in dynamics. Because of aerodynamic and economic calculations, the 
effectiveness of use of such designs for powerful wind stations is proved. The analysis of 
various designs and methods of selection of that or other design for various conditions of 
operation of wind installations in wide range of the wind speed change is given. 

Also rather effective by cost-price method of accumulation of wind energy will be suggested 
that is the topical world problem and for development of which are annually spent some 
hundreds of millions of US Dollars. 

Keywords: blade, setting angle, blades twist, wind energy. 

 

INTRODUCTION 

Recently in conditions of the abrupt increase of the growth tempo of global thaw and 
considerable deterioration of the ecological state the acquisition of power energy by 
traditional methods becomes a serious threatening to the mankind. In connection with this 
especially developed countries become in difficult situation in which annually with quick 
tempos increases the volume of industrial and accordingly the number of consumed power 
energy. 

In this case especially must be noted those risk factors by which are characterized atomic 
power stations and the dissatisfaction of population that reached its peak during the disaster in 
Fukushima that happened in Japan in 2011. 

It is known internationally that these processes became the basis of the solutions that make 
authorities of all countries carry out operative measurements in direction of change of the 
atomic energy in the general energy balance of the country by some less dangerous kind of 
energy.   

By these processes is preconditioned the fact that in last 10-15 years almost in all countries of 
the world special attention is paid to updating of the existing and creation of new non-
traditional methods of the energy acquisition and maximal use of the existing potential in the 
country. 
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Furthermore, the governing bodies of the international community elaborate special 
encouraging measurements for those countries and firms that effectively work on the 
development of ecologically pure and non-dangerous methods of acquiring energy.  

First of all wind and solar energy refers to such kind of energy. Therefore, the designs of wind 
stations and technology of acquiring solar panels are extensively updated. 

 

HIGH POWER WIND STATIONS 

The extensive works in both directions are conducted at the Georgian Technical University. 

For increasing of the effectiveness of wind stations several designs of rotors with the ability 
of change of basic geometry parameters have been created. Such parameters are the rotor 
diameter, i.e. the length of blades, setting angle of each blade and the law of their twist. 

The preliminarily conducted aero-dynamic and economic calculations prove that as a result of 
use of the designs elaborated by us the annual volume of output of each wind station can be 
increased as minimum by 100%. 

Despite multiple work of well-known companies and scientists of various countries the VGR 
problem has not been solved yet. There are patents that did not find a real embodiment, 
mainly, because of complexity and insufficient reliability of technical solutions. 

It must be noted that all these companies were busy with any of one parameter. For example, 
Sikorsky Company was busy with change of only the rotor diameter and the Boeing Company 
only with blade twist change. 

Georgian Technical University (GTU) proposed a combination of changes in the diameter and 
twist at the same time dynamics. 

Initially in the phase of analysis because of separation of the investigation object, the model 
of the rotor with variable diameter and then the model of the rotor with variable blade twist 
has been designed and manufactured. After laboratory tests of their main units in the phase of 
the synthesis, the rotor with simultaneously variable diameter and blade twist (Fig.1) and the 
stand for its tests has been created [1]. 

 

Fig. 1 - Mechanisms for management of parameters of the VGR and stand for their tests. 

Mechanism of the diameter change 

 Stand for dynamic tests Mechanism of the twist change 
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The conducted stand tests of the VGR have shown that at high number of rotations significant 
centrifugal forces arise that influence on the blade movable part. They are accepted by the 
jackscrew. The jackscrew is the most loaded element of the rotor design and is the weak unit. 
The reduction of harmful influence of these forces is the very actual problem. 

Therefore, a system was developed compensation of centrifugal forces. The technical 
approach was in conduct of the model experiment in which the stand is stationary fixed in 
place. At the rotor rotation at the mode of fan measuring of the thrust were implemented 
depending on the change of the rotor rotational speed and diameter. In accordance with the 
principle of reversibility, this imitates the conditions the hover mode of the aircraft. From the 
possible principles of compensation (mechanical, electrical and hydraulic) was chosen 
hydraulic (Fig. 2) as the most flexible in control [1, 2, 3]. 

 

 

Fig. 2 - Schematic arrangement of the VGR with position of the hydro-pneumo-accumulator and hydro-
cylinder below the rotor hub. 1-Hydro-pneumatic accumulator, 2-Hydro-cylinder, 3-Rope, 4-Roller, 5-

Blade, 6-Pulley block. 
 

For the design of this version of the VGR a European Patent has been received Application 
No/Patent No 08737551.5 - 2422 PCT/IB2008001041. At present, it is being patented in the 
USA. All the financial costs were assumed by the European Union. 

The safety of the VGR dynamic tests was provided by the reliability of the VGR units with 
the compensation system. For evaluation of the reliability was designed and manufactured the 
stand for static tests (Fig. 3) on which experimentally were imitated loads acting at various 
rotor rotational speeds. The blade elasticity lines were determined depending on imitated 
rotational speeds at retracted and extended blade and dependence of forces on the control 
lever of the stand from imitated rotational speeds. 
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The experiments on the stand for dynamic tests (Fig. 4) were conducted by the measuring 
method of the airflow speed with a revolving-vane analyzer, which for this task was 
characterized, with a sufficient iteration of measuring results. 

It has been established that in case of increase of the rotor diameter 1,4 times and the change 
of the blade twist within 16÷180 the increase of the thrust force is provided approximately 1,6 
times. 

 

 
Fig. 3 - Stand for static tests and blade with flexible elements and rib 

 

 
Fig. 4 - Stand for dynamic tests and photo of the stand. 1-Electrical engine of direct current, 2-Conical 

reducer, 3-Cylindrical reducer, 4-Spindle of cylindrical reducer, 5-Blade with flexible elements, 6-
Rope, 7-Unit of bearings with body, 8-Rod, 9-Piston, 10-Hydro-pneumo-accumulator, 11-Hydro-

cylinder, 12-Hydro-distributor, 13-Unit of the rope mount.14-Hub 
 

The effectiveness of the compensation system is proved by multiple retraction-extension of 
the rotor blade in the all range of change of the rotational speed. It conditioned the 
synchronism of the VGR functioning. 

From pump device 
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As a result of manufacture and test of a demonstration model of the rotor with variable 
geometry parameters in dynamics we have proved that for wind energy installations 
especially with big powers the use of VGR will enable to extend the scale of maximal 
meanings of efficiency of the setting during the change of the wind speed in big scale from 3 
to 20÷22 m/sec and also provide the workability of the setting during those high speeds of 
wind (22÷35 m/sec) (Fig.5), at which the existing installations are unable to work [4]. 

 

 

 
Fig. 5 - Necessary combination of the rotor diameter and wind speed for acquisition of the 

planned power of wind station 

Results of repeated and comprehensive investigation of the working model of air screws with 
changeable geometrical parameters in dynamics were saved up, the analysis of the different 
offered designs is carried out and on this basis recommendations of selection of this or that 
design for different service conditions of wind turbines in the wide range of change of speed 
of a wind are offered [5]. 

At present negotiations are being held with the famous German firm “ENERCON” for 
creation of a joint venture or its subsidiary on the territory of Georgia and manufacture of new 
designs. 

Vmin 

Vcalc. 

Vmax 

Vm/sec 

Dmin 17,9m  Dmax 62,0m 
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SOLAR PANELS 

Also negotiations with “SCHMID” firm on production of solar panels are conducted. 

Implementation of this project expediently as in Georgia some large enterprises for 
microelectronics therefore the Georgian scientists have very interesting offers on separate 
responsible operations of production of plates from a silicium monocrystall, and also by the 
principles of selection of places for installation of ready solar modules and creation of designs 
of the corresponding mechanisms which introduction will even more increase efficiency of 
solar modules functioned. 

In particular, installation of these panels, for example over vineyards in in advance calculated 
parameters, with use of the special mechanisms allowing to change angular position of panels 
in big range, will give the chance along with obtaining electric energy, to protect plantations 
from a hail, and also from drying of brushes of grapes and the soil when air temperature 
constantly keeps some weeks within 35÷400 and above. It should be noted that such situation 
in Georgia very frequent and if it happens before process of cleaning of grapes, it strongly 
influences crop volume, especially for percent of an exit of grape juice. 

Both protection of plantations against a hail, and regulation of process of drying of grapes 
before harvesting is a burning issue not only for Georgia, but also for all other countries too 
where there are similar plantations. 

Therefore, we intensively work on development of methods of optimization of schemes of 
installation of solar panels over vineyards. 

In fig. 6 one of versions of schemes of installation of such panels is shown. 

 
Fig. 6 - Solar panels over vineyards 

At present search of the optimum sizes of panels, schemes of their arrangement and 
improvement of mechanisms for regulation of their angular situation in wide range for the 
different period of time is conducted. Also different options of mechanization and automation 
of these processes are developed. 
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On the basis of consultations with skilled peasants it is established that use of such schemes of 
installation will significantly increase the volume and quality of a crop that finally will give 
notable economic effect. 

The presented idea contains also scientific novelty that together with the German experts is 
already made out and in the near future European Patent will be issued. 

Now the consent of our partners for gratuitous transfer about 200m2 of solar panels for the 
purpose of the organization in Georgia of a skilled site where prototypes of solar panels will 
be established is reached and all necessary researches are conducted. 

There is one very actual problem on which long time the leading scientists of many known 
scientific centers of the whole world work, however, unfortunately the effective solution of 
this problem till today doesn't exist. The question concerns a method of the accumulation 
received solar and wind energy for which decision some hundreds of millions of US dollars 
are annually spent. 

We have in our opinion the interesting offer for the solution of this problem in those countries 
where there are hydroelectric power stations with average and with big capacities, i.e. where 
there are high dams and reservoirs. 

It is known that all such power plants have big deficiency of water and that volume which, is 
gained generally in the spring, then gradually, the whole year according to the special 
schedule is very economically spent. 

The essence of our offer is that it is possible to mount the greatest possible number of wind 
stations and solar panels round a reservoir. When there is an order for electric energy they will 
work for its development and when orders are not present, to work for water pumping back 
from the lower reservoir in its top part. It will give the chance that all power sources worked 
constantly for profit, day and night, daily and all the year round. 

In fig. 7 the approximate scheme of configuration of such constructions where the mounted 
one small group of wind-driven generators and solar modules is visible is shown. It is also 
visible that round a reservoir it is possible to place still such some groups. 

 
Fig. 7 - Approximate option of composition of aggregates and system of their management for 

accumulation of the received wind and solar energy 
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Consultations with leading experts of power show that after creation of such skilled object 
and improvement of its separate knots and system of their management it will be wide, 
successful and effective to be used in many countries of the world. 
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ABSTRACT 

The present work aim consist to design and construction of a drawing wire and extrusion 
bench able to perform the metal forming process by drawing and extrusion. The design of the 
structure as well as detailing of mechanical components were designed with the use of 
SOLIDWORS software and the simulation of structural strain (FEA - Finite Element 
Analysis) with the aid of ABAQUS/Standard software. 

Keywords: wire drawing, extrusion, SOLIDWORKS, ABAQUS/Standard, 
finite element analysis, 

 

INTRODUCTION 

Extrusion is the process by which a block of metal is reduced in cross-section by forcing it to 
flow through a die orifice under high pressure. It is accepted practice to classify extrusion 
operation according to the direction relationships between the material flow and the punch 
movement. The basic extrusion operations are backward-extrusion, forward-extrusion, and 
radial-extrusion. Drawing process is similar to extrusion, in that a length of metal is made to 
flow through a die opening and reduction is done over its cross section. The difference 
between drawing and extrusion is the application of force to the work piece. In extrusion the 
material is pushed through the die opening, in drawing the material is pulled through the die 
opening. 

The finite element analysis is widely accepted and often used as an alternative to the 
experimental test method set out in many standards. The technique is based on the premise 
that an approximate solution to any complex engineering problem can be reached by 
subdividing the structure/component into smaller more manageable (finite) elements. The 
Finite Element Model (FEM) is analyzed with an inherently greater precision than would 
otherwise be possible using conventional analyses, since the actual shape, load and 
constraints, as well as material property combinations can be specified with much greater 
accuracy. 

In the development of this work were used the computational resources of two softwares, 
SOLIDWORKS and ABAQUS, for the design and simulation of a wiredrawing and extrusion 
bench. The main purpose of using the software was to optimize and reduce the cost with 
materials as well as structural analyse of behaviour of bench when requested work efforts.  
For the simulation an "I" structural profile was used to verify your numeric response 
regarding the behaviour of the structure of the bench in different geometric combination of 
trusses. 
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FINITE ELEMENT METHOD (FEM) 
 

The advancement in software simulation combined with the finite element method tool (MEF) 
has significantly improved the manufacturing time of products and tools, Rodrigues (2013). 
The analysis by (MEF) is a numerical simulation technique that predicts the efforts and 
possible component failures. The advantage of its use is in the reduction of costs in try-out, in 
the time of design and launch of the final product in the consumer market, and in addition, it 
allows the improvement of the projects through the simulation of concepts and scenarios 
before the decision making end. The simulation process is basically performed in 3 stages as 
illustrated in Fig. 1. 

 

 
Fig. 1 - Simulation Process, Silva, (2011) 

 

The pre-processing stage comprises the physical and mathematical modeling of the problem 
in question. In physical modeling, the geometries of the matrices and the initial part must be 
defined, using a graphical interface of the software or CAD systems. Then, depending on the 
geometry of the model and the loading conditions, the type of analysis is defined as Silva 
(2011). The processing is the stage where the computational calculation is performed with the 
problem divided into displacement increments. In this step, it is defined which solution to be 
adopted, that is, mechanical, thermal, thermo-mechanical, etc. Finally, the third stage, the 
post-processing, where the final data is read. 

For the extrusion and drawing operations, the technical conditions determining the quality of 
operations include the extrusion and drawing ratio, the product profile, tool and the friction 
conditions at the part / material interface. The optimization of the parameters of work is of 
fundamental importance. 

The design of the extrusion / drawing processes by trial and error can be time consuming and 
costly. An alternative has been the finite element method (FEM), with satisfactory results. 

Soares et al. (2013) investigated the influence of several parameters on the appearance of 
residual stresses in finished products. The authors used numerical simulations using finite 
element methods and compared the drawing forces obtained by the software with those 
obtained by the empirical equations of Sachs (2004) and Avitzur (1983). 

Jiayong Si et al. (2010) also carried out a study focused on the finite element analysis of TiAl 
alloy extrusion. Process variables were evaluated based on simulation results, such as 
extrusion force, die loading during the process and strain distributions. Fig. 2 shows the 
simulation results of the TiAl bar with its deformations. It was evidenced points with 
maximum deformation in the two materials at different extrusion rates. 
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Fig. 2 - Effective strain distributions for different extrusion ratio (a) R ¼ 3, a ¼ 60○; 

(b) R ¼ 6, a ¼ 60○. 

 
L.G. Deshpande, N.M. Sawalhi, and R.B. Randall (2013), used the finite element technique to 
simulate rolling failures in gearboxes. The casing of the gearbox composed of welded steel 
sheets was modeled using solid and shell elements. The model was supported by rubber 
cushions that were simulated using spring elements at the corners of the enclosure. 

 

COLD DRAWING/EXTRUSION 

For the purpose of minimizing costs, maximizing productivity, being more competitive on 
global market and avoiding raw material losses when using no specified products, plastic 
deformation process has been modernized on the last years. Researches have been done about 
the process variable parameters and their influence on finished products. So, a big progress on 
cold drawing techniques have been verified on the last years, through automation and 
continuous thermal treatment improvements, making standardization and finished products 
quality better. It is a mechanical process which guarantees dimensional precision and best 
mechanical properties to the manufactured pieces (DIETER, 1981).  Cold drawing is a 
conformation process where a bar or a tube is pulled through a tool called drawing die, made 
from a high wear resistance material like hard metal (tungsten carbide), diamond (natural or 
polycrystalline) and some ceramic materials (zircon oxide, titanium carbide-nitrate, etc.). The 
drawing die has a cylindrical external format, containing a center hole for passing the wire. 
This hole has a decreasing diameter, presenting a conical form profile. 

According to Bresciani (2011), the drawing die has to be constructed with the purpose of 
dealing with high productivity and low wear, large reductions, getting a better result for 
superficial finishing and having a better dimensional precision. The passage of the wire 
causes its transversal section reduction. This operation is commonly done on a cold process, 
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occurs a modification on wire material’s mechanical properties because of work-hardening 
CORRÊA (2004). Modifications that occur on ductility reduction and mechanical resistance 
increase direction. Thus, it is possible of needing annealing thermal treatment on every part of 
cold drawing process, decreasing cold drawing effects, and providing it more ductility, so that 
it can handle the process for longer. Deformation preponderant efforts are compression 
efforts, done by the tool orifice walls when line is passing through a traction effort applied on 
its axial direction, from an external origin. Since external effort is by traction, and 
deformation efforts are by compression, cold drawing process is classified as an indirect 
compression process. 

According to Akikazu et. al. (2007) and Wang and Gong (2002), deformation can be reached 
when combining traction and compression tensions, whose are created by traction force on 
drawing die’s way out and its geometry. Considering its main tensions, different failing 
criteria can be used. A metal draining is determined by microstructure grain movement, ruled 
by shearing tensions. Thus, plastic deformation beginning can be determined by maximum 
shearing tension, based on Tresca criteria CETLIN (2005). 

Extrusion is one of the most used conformation processes among different processes. A wire 
is placed in a die and pressed by the punch, causing the metal to flow through the die opening. 
It can be classified in the front, rear and lateral. The lateral extrusion, sometimes referred to as 
radial, offers a product with the central protrusion having full or segmented protrusions. The 
research work for lateral extrusion is not as abundant as for forward and inverted extrusion. It 
is accepted to classify the extrusion operation according to the relationship between the 
material flow and the punch movement, Silva (2011). Fig. 3 shows a schematic drawing of the 
geometry of a forward, reverse and radial extrusion tool. 

 
 

 
 

Fig. 3 - Schematic drawing of the geometry of a forward, reverse and radial extrusion tool, Silva, (2011)  
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EXPERIMENTAL TESTS 

The material used for the bench construction and simulation in ABAQUS / STANDARD 
software was ASTM-A36 structural steel, whose mechanical properties are presented in Table 
1. 

Table 1- Propriedades mecânicas do material ASTM-A36 

Material Poisson Young 
Module (GPa) 

Density 
(Kg/m3) 

Yeld Stress 
(Mpa) 

Ultimate Stress 
(Mpa) 

ASTM- A36 0.32 200 7850 250 400 

 

The structural simulations were done in ABAQUS / STANDARD software in version 6.14 
and the bench components were  simulated in SOLIDWORKS software version 2016. The 
operating system used was WINDOWS 10 with the 1.60GHz INTEL® processor, with a 2.00 
GB RAM. The structural “I” profile was used in the manufacturing and simulation with 
dimensions shown in Fig. 4, and the process load was 40ton. 

 
Fig. 4 - Bench profile Dimensions (mm) 

With the section dimensions and the material mechanical properties, the contour conditions 
were defined. Fig. 5 (a) shows the bench attachment points and (b) shows the application load 
points, where the hydraulic cylinder will be positioned. 

      
(a)                                                                                   (b) 

Fig. 5 - (a) Bench constrains points, (b) load points 

The cylinder holder was simulated in SOLIDWORKS software. The support design, the 
constrains and the load points were defined according to Fig. 6 (a). The mesh has 22,500 
tetrahedral elements with the total number of nodes 36,026. Fig. 6 (b) shows the complete 
drawing structure which was simulated. 
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(a)                                                                (b)      

Fig. 6 - (a) Cylinder holder mesh, SOLIDWORKS, (b) Bench structure, SOLIDWORKS. 

 

RESULTS AND DISCUSSION 
 

The initial bench design was a simple structure with a single bracing to minimize weight and 
withstand loading. According to Fig. 7 it is possible to observe that the VonMises stress at the 
most critical point exceeded the material yeld stress by 80.28%. 

 

 
 

Fig. 7 - Bench extrusion simulation process 

 

A second attempt was made to verify a use of double bracing at the critical points for the 
localized stresses distribution, as shown in Fig. 8. The critical VonMises stress was below the 
material yield stress by 2.28%. 
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Fig. 8 - Extrusion process simulation with Double bracing 
 

 

The  simulation was performed in the SOLIDWORKS program in the Fig. 9 shows the 
simulation results, the critical VonMises stress value was 351.7 MPa. 

 

 

Fig. 9 - SOLIDWORS stress results 
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The SOLIDWORKS simulation showed some important points, where the stress presented a 
value close to the yeld stress. In Fig. 10 it shows the points in the support where it presented 
greater stress. 

 

    
Fig. 10 - SOLIDWORKS, Higher stress points 

 
 
CONCLUSION 

In the bench simulation with only one bracing, was present a critical stress greater than the 
ASTM-A36 material yield stress, therefore a modification was necessary in the structure in 
order to support the requested load. After the results it was possible to verify that the use of a 
double bracing improved the distribution of the maximum VonMises stress in 84%. In the 
SOLIDWORKS with the mesh obtaining 22,500 elements and 36,026 nodes had its value of 
351, 7 MPa. Through the simulations made in the cylinder holder were pointed out regions 
where failures could occur, so the FEA tool was of great importance in the work. 

Through the study it was possible to predict failures that could occur during the material 
extrusion process, so that it could solve the problems pointed out even before the bench was 
fabricated. These computational tools are fundamental to the engineering area, which always 
seeks to optimize resources, reducing material costs, labor costs, time and resources 
consumed in experimental tests. 
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ABSTRACT 

This work proposes the design and construction of a machine capable of inducing the fatigue 
phenomenon by associating the rotation and flexion movements in standardized test bodies, 
being able to be applied in several types of materials in order to verify their resistance. The 
machine has a simple and robust structure with immediate decoupling system after failure. 
This equipment was built to meet the needs of practice and research of the institution. 

Keywords:. fatigue, flexion, rotation, fatigue failure, flexor fatigue. 

 

INTRODUCTION 

Fatigue is a type of mechanical failure, caused mainly by the application of loads that vary 
over time. Its main feature is a gradual process of nucleation and crack growth which can lead 
to component rupture. This cumulative and localized fracture process can be caused by low 
variations in service loads and can be quite slow, taking several cycles up to its failure. 
(Hibbeler, 2000). In general, fatigue cracks are nucleation in singularities or discontinuities in 
virtually all materials. Discontinuities may be superficial or internal to the material. The 
singularities can be structural, such as inclusions, particles of impurity or even geometric, 
such as scratches.(Rosa, 2002) and (Nascimento, 2011). One of the possible explanations for 
nucleation of fatigue cracks occur in most cases on the surface may be due to the fact that 
plastic deformation is easier on the surface and slippage of steps also occur on the surface, in 
addition to the fact that the maximum stress will always be positioned at some superficial 
point. (Shigley, 2005). Figure 1 shows the nucleation and propagation of a surface crack. 

 
(a) Crack for flexion (adapted for Milfont and Oliveira, 2016) 

 

(b) Crack for intrusion and extrusion 

Fig. 1 - Nucleation phenomenon and propagation of a surface crack 
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FATIGUE RESISTANCE 

And the ability of a material to withstand cyclic loading conditions. However, in the presence 
of a measurable plastic deformation, the materials respond differently to the cyclic 
deformation than to the cyclic stress. (Torres, 2003) 

Cyclic loading will produce cyclic stresses which, in turn, will produce cyclic deformations. 
These deformations are elastic in a first moment, however, over time, small plastic 
deformations begin to appear starting from existing micro structural defects or geometric 
discontinuities of the material. These plastic deformations are permanent deformations and 
tend to increase over time and use of the equipment. Therefore, for fatigue failure it is 
necessary that three factors be applied simultaneously in the material: a) dynamic demands, b) 
tensile stress, c) plastic deformation. (Rosa, 2002) 

The characteristics described below, are factors of great impact when the subject is the 
resistance to fatigue of materials: 

- Surface finish: the better the surface finish the greater its fatigue strength. 

- Size of the piece: these are inversely proportional quantities, that is, the larger the 
component, the lower its resistance to fatigue. 

- Temperature: the metals present an increase in their resistance to fatigue with the 
decrease of the temperature. 

- Stress concentration: all discontinuities such as notches, holes and grooves modify the 
distribution of voltages, causing an increase in localized voltages at certain points. 

- Microstructural effects: the fatigue of steels occurs due to their microstructure as well as 
the level of impurities present. A tempered and quenched material has better fatigue 
characteristics than in its normalized / annealed state. 

The limit of resistance to fatigue is determined from the following variables, they are: (Filho, 
2010): 

- Sf: Fatigue resistance limit for finite life of the test body cycles, where equations 01 and 
02 define the boundary conditions. 

 
>? � 10@ . AB      (01) 
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- Se: Fatigue resistance limit for infinite life of the test body 10G ≤ A ≤ 10R,where it is 

determined by equation 03.. 
 

>P � S-	T	SB	T	S@	T	SU	T	SP	T	S?	T …T	>P    (03) 
 

Where, Se is the resistance limit of the fatigue element of the machine element, Se' is 
the limit of resistance of the test body, ka is the surface finish factor, kb is the size or 
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dimension factor, kc is the reliability factor, kd is the temperature factor, ke is the stress 
concentration factor and kf is the factor for other effects. 

The behavior of the fatigue can be seen in figure 02 below. 

 

 
Fig. 2 - Curve S-N (adapted Rosa, 2002)  

 

RESISTANCE TO FATIGUE FOR INFINITE LIFE - Estimative for factors k 

The surface of a specimen undergoes a final polishing in the axial direction aiming at a finish 
without any notch effects (manufacturing marks). The factor "ka" depends on the quality of 
the final workpiece finish and tensile strength of the constituent material, being 
mathematically defined by equation 04 (Nascimento, 2011). 
 

S- � �. >O�				B       (04) 
 

Where, Sut is the minimum tensile strength; And a and b can be determined from table 02 
below. 

 
Table 1 - Parameters for the surface modification factor (Shigley, 2005) 

Surface Finishing 
Factor a 

Exponent b 
Sut (Mpa) 

Rectified 1.58 -0,085 

Machined or cold rolled 4.51 -0,265 

Hot rolled 57.7 -0,718 

Wrought 272 -0,995 

 

DIMENSION FACTOR (kb) 

The calculation of the dimension factor for flexions and torsions is given by equations 05 
when (2.79 ≤ d ≤ 51 mm) and 06 when (51 ≤ d ≤ 254 mm) 

 

SB � W U
X,R�Y

DK.��GG � 1.24�DK.�KX    (05) 
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SB � 0.859 � 0.000837�    (06) 

 

For values above 254 mm, kb ranges from 0.60 to 0.70 for bending and twisting. If the part is 
under axial loads, the diameter does not interfere on the fatigue resistance limit, therefore, we 
adopt kb = 1. When the part is not rotating or the cross section is non-circular, the factor value 
must be calculated. In these cases the effective diameter is used, which is obtained by 
equating the volume of the material subjected to the load and 95% of the maximum load for 
the same volume of the test piece. (Shigley, 2005) and (Torres, 2011).  

In the case of parts with non-circular sections, the effective diameter is calculated through 
equation 07. 

 

�P � 0,808. 
Fℎ�� �_      (07) 

 

Where, h is the height, b is the width of the rectangular section. 

 

RELIABILITY FACTOR (kc) 

It is the probability of an element or equipment delivering faultless performance over a period 
of time, set by the designer, under specified conditions, it is the probability of some type of 
failure occurring (Shigley, 2005). The table 2 represents the values of kc. 

 
Table 02 - Reliability Factor (Shigley, 2005) 

Reliability Reliability factor (%) 

50 1.000 

90 0.897 

95 0.868 

99 0.814 

99.9 0.753 

99.99 0.702 

99.999 0.659 

99.9999 0.620 

 

TEMPERATURE FACTOR (kd) 

When the design component will operate at a temperature other than the temperature at which 
the fatigue tests were performed, a correction in the fatigue strength of the material is required 
to suit the working temperature. With this, the temperature factor can be defined according to 
equation 08. 

 

SU � ` 1 → � ≤ 350°�
0.5 → 350°� ≤ � ≤ 500°�    (08) 
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TENSION CONCENTRATION FACTOR (ke) 

The stress concentration is present in structures containing curvatures, notches and other form 
of significant perturbation in part geometry. The theoretical concentration factors, "Ke", are 
obtained experimentally or can be obtained in proper tables and graphs, as shown in figure 03 
below. (Shigley, 2005). 

 

 

Fig. 3 - Theoretical concentration factor (Shigley, 2005) 

 

This factor, when multiplied by the stress "σ0" (calculated by the mathematical model without 
the existence of notch), allows determining the maximum stress that acts on the notch 
according to equation 09 (Shigley, 2005). 

 
bc-d � S� . bK      (09) 

 

Depending on the material or its resistance, this geometric or theoretical stress concentration 
factor, "kt", undergoes changes, decreasing its intensity as a function of the "q" sensitivity of 
the notch. The relation that determines effective or practical factor was defined by Peterson by 
equation 10 (Shigley, 2005). 

 

e � fgD�
fhi� → S? � 1 � e
S� � 1�    (10) 

 

Where, kt is the factor of static tension concentration and kf is the stress concentration factor in 
fatigue. 

The sensitivity to notch depends on the tensile strength limit and notch radius. The 
experimental values use this sensitivity varying from 0 to 1, with the most used values being 
between 0.6 and 0.9. (Shigley, 2005). 

Calculating the factor "kf", we can use equation 11 below to find the corrective factor ke. 
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fg      (11) 

 

VARIABLE FACTOR MODIFICATION FACTOR (kf) 

The miscellaneous effects modification factor is reserved for any other type of effect that 
occurs on the equipment or machine element that was not mentioned. As an example we have 
residual stresses, corrosion, chemical environment and so on. 

 

FATIGUE TESTING 

The equipment that performs this type of test is constituted by a system of application of 
loads, allowing the change of intensity and direction of the effort. The tests are related to the 
type of effort to be applied. Among these tests, the most used are: traction-compression, 
torsion and rotational flexion (Shigley, 2005) and (Norton, 2004). 

 

ROTATING FLEXION 

This test consists of a test specimen subjected to bending stresses, while it is rotated about an 
axis, by a motor system, in a specific and constant rotation. The test starts with a certain 
voltage level until the rupture occurs, and the number of cycles and the voltage up to rupture 
are recorded. It runs with different specimens of the same material, changing only the applied 
voltage. The collected data are represented in diagram S - N. (Silva and Arevalos, 2011) and 
(Norton, 2004). 

The equipment used to perform the rotary flex fatigue tests consists of a rotary counter, an 
electric motor, a load applicator, and supports for the test body. The motor generates the 
necessary rotation for the tests. The rotation counter records the number of cycles until the 
specimen is ruptured. For bending to occur, devices capable of applying a given load to the 
specimen are required, ie by the load applicators. The fixation and support of the test piece are 
made by mandrels and forceps (Norton, 2004). 

Below, in figures 04 and 05, two models of equipment for the test of fatigue by rotating 
flexure are presented. The first has load application at both ends of the test body, while the 
second, has load application in only one end of the body. 

 

  

Fig. 4 - Schematic of a rotary bending fatigue test machine (Udomphol, 2012) 
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Fig. 5 - Schematic of a rotary bending fatigue test machine (Udomphol, 2012)  

 

PROOF BODY 

The test bodies used in the fatigue test vary according to the purpose of the test, the 
equipment, the capacity of the equipment and the way in which the material is available. In 
order to perform this type of test and the stress dynamics (life and deformation), standard test 
specimens are required in the pre-established standards. These standards specify the required 
dimensions and test conditions.The most used in these types of tests are generally: cylindrical 
with straight and cylindrical profile test section with test section defined by a radius of 
agreement (Norton, 2004).  

The cylindrical model must follow the ASTM-606-04 standards, which specify the specimens 
for uniaxial loading fatigue tests with deformation control, and are applicable both for the 
lifting of the S-N curve and the ε-N curve of the material To be tested (Norton, 2004). 

The figure 21 shows test pieces according to ASTM. 

 

 

Fig. 6 - Test bodies according to ASTM E1823, E1150, E466 ( Filho, 2012) 
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METHODOLOGY 

The development of this work was divided in the following stages: initially we carried out a 
bibliographical revision of the theory about fatigue tests and then focusing on the type of 
rotational flexion. As a second step, we researched the main existing test machines for this 
type of test, and then chose type with load bearing at both ends of the rotary axis. Having 
chosen the type of machine to be analyzed, a design of the basic mechanical components of 
the system was carried out. The proposed kinematic scheme is shown in figure 7. 

 

 

 

 

Fig. 7 - Proposed initial scheme 

 

 

Through the drawing software Unigraphics NX 9.5 an outline of the project to realize the 
budget was realized. The project was finalized in January 2017 and the equipment is 
undergoing functional tests. Some improvements may be made, because as the tests involve 
cyclic loads, the need to include flexible couplings in order to mitigate vibrations is analyzed. 
From the system itself. 

. 

 

 

 

RESULTS AND CONCLUSIONS 

The machine after design and construction, presents the configuration of figure 8 below where 
all its components can be seen 
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(a) Structure complete. (b) Description of components. 

Fig. 8 - Machine per rotation and bending fatigue. 
 

The stress (S) is generated by the weights that are added during the tests (washer gym), being 
able to be up to 25 kg, in which the cycles (N) are measured by a counter coupled to the axis 
of rotation, and can generate the points for a curve S-N. The table 03 showing the values for 
resolution the equipment. 

 

Table 3 - Weight ratio for equivalent stress 

Washer (gym) 1 2 3 4 5 

Weight (kg) 5 10 15 20 25 

Stress (Mpa) 50 100 150 200 250 
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ABSTRACT 

This study is the mullite (porcelainite) specimens for mechanical properties evaluation 
fabricated by additive manufacturing technology. A slurry-based and selective laser sintering 
(SLS) 3D printing (3DP) machine was designed and developed to create these ceramic work 
pieces. Alumina powder, silica powder and silica sol was blended in adequate wt% to prepare 
the slurry. The slurry was paved layer by layer in the 3D Printer and laser selectively radiated 
the slurry to form ceramic layer. Thus, the ceramic green parts were created and post heat 
treatment to synthesize mullite ceramic. The bending and shrinkage test, SEM surface 
microstructure of these mullite samples were examined. This SLS process needs only low 
laser power (< 20W) to build ceramic parts. Therefore, a distortion due to post sintering 
process is avoidable. Hence, this process can produce more precise ceramic prototypes. This 
process has potential to fabricate the inner complex ceramic components for industrial 
applications.  

Keywords: 3D printing, ceramics, mullite, alumina, silica. 

 

INTRODUCTION 

Recently, the Alumina (Al2O3) and silica (SiO2) are the two familiar and elementary 
compositions not only applied in conventional ceramic but also in advanced ceramic 
applications. Mixing Alumina and silica powder with appropriate wt % and heat treatment at 
specific temperature, a composite ceramic Mullite (porcelainite) can be form in two 
stoichiometric forms 3Al2O32SiO2 or 2Al2O3SiO2. The widely application of mullite is 
because of its favorable mechanical properties. 

Traditionally, mullite can be synthesized in three main methods: a) sinter-mullite, b) fused-
mullite and c) chemical-mullite (Hamano, 1986; Sacks, 1982; Schneider, 1994; Han, 2011; 
Saruhan, 1996). The conventional manufacturing process of mullite mostly is difficult to 
produce complex structure and free-form shape. In order to overcome these issues, the 3D 
Printing (3DP) also called rapid prototyping (RP) technologies are suitable for generating the 
porous and complex shape parts are easily to be built in this way (Okada, 1990; Lee, 1994). 

3DP techniques offer completely methods to construct physical objects from three 
dimensional Computer Aided Design (CAD) data, it allows designers to quickly create 
original prototypes rather than two-dimensional images. General advantages are faster 
building speed, rapidly generating complex-shaped prototype from a concept. 

In this paper, the slurry-base ceramic was used in the selective laser sintering (SLS) 
technology (Chang, 2015). The slurry was prepared by mixing alumina powder, silica powder 
and silica sol for laser printing green parts of complex ceramic parts. The home-developed 3D 
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printer can create green part of ceramics (Lee, 2014). These green parts were post heat 
treatment at specific temperature and complex mullite workpieces can be produced. 

 

MATERIALS 

For fabricating a green part by 3D Printing machine and synthesize mullite by post heat 
treatment, the slurry-based materials must be prepared with well dispersed, suitable viscosity 
and appropriate mixture of silica and alumina. The ceramic slurry was constituted of alumina 
(Al2O3) powder, silica (SiO2) powder and silica sol. In this study, a CO2 laser is employed to 
sinter the ceramic slurry mixed with alumina powders and silica slurry in a proportion of 45: 
55 wt.% for subsequent experiment. The content of alumina and silica is listed in Table 1. 

Table 1 - Content of Alumina and silica 

Content Al2O3 powder SiO2 slurry 

Ratio 45 wt.% 55 wt.% 

 

SELECTIVE LASER SINTERING 

When the ceramic slurry is scanned by a laser beam, the sintering effect occur, then the silica 
sol links together to bond the alumina and silica particles to form a solid body, while the other 
un-scanned portion remained in slurry state. 

According to above method, an SLS process was developed for forming a ceramic green part. 
The process was carried out as shown in Figure 1, this process involves following steps: (a) 
the alumina powder, silica powder and silica sol are blended as a raw material in ceramic 
slurry, (b) the slurry is paved by a scraper onto the elevator to from a slurry thin layer, (c) the 
paved slurry layer is selective sintered via a CO2 laser beam according to the sliced 2D 
patterns from a 3D CAD mold,  (d) the working platform is lowered to the thickness of one 
layer, (e) repeating steps (b) to (d), a multi-layer 3D ceramic part is obtained (Lee, 2014). 

 

Fig. 1 - Schematic of a ceramic manufacturing processes of selective laser sintering. 
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EXPERIMENTAL RESULTS 

LASER PARAMETERS 

In this work, sintering the alumina-silica ceramic slurry needs only low laser power below 20 
W. The laser power was adjusted from 5 to 20 W to build three specimens with a size of 25 
mm×25 mm×5 mm. The laser power against the laser scan speed is indicated in Figure 2. 
When the laser power was less than 5 W, the sintered structures in the slurries were difficult 
to form due to insufficient laser power density for solidifying alumina-silica ceramic slurry. 
As laser power was increased from 5 to 20 W, the laser scan speed increased from 50 to 200 
mm/min. That is the laser power increased with laser scanning speed. When the laser power 
exceeded 20 W, the solidified ceramic layer could not be formed because the laser power 
density was too large for building ceramic layer. 

 
Fig. 2 - Laser power vs. laser scanning speed for forming the mullite ceramic specimens. 

From our experimental results, the ceramic slurry can acts as a support material. Therefore, a 
ceramic part with inner channel and porous structure could be built shown in Figure 3. The 
bottom of the inner channel has no sagged deflection due to the support effect of ceramic 
slurry.  

In order to present the advantage of the ceramic slurry, a mullite ceramic part with inner 
channel structure which has a rectangular hole was produced shown in Figure 3. The size of 
the ceramic is 8 mm×8 mm×4 mm, the length of the overhanging is 2 mm, the width of the 
rectangular hole is 2 mm. The inner channel structure of ceramic is hard to be built by using 
machining processes. The process parameters for building the inner channel structure are as 
follows: a laser power of 12 W, a laser scan speed of 150mm/s, a laser scan hatch of 0.15 mm, 
a layer thickness of 0.1mm. 

 
Fig. 3 - Photo-micrograph of a mullite ceramic part with inner channel structure. 
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MECHANICAL PROPERTIES 

Alumina and silica slurry was used in a 3D printer to create specimens of green part (35 
mm×4 mm×3 mm). These green parts were applied post heat treatment at 1200, 1300, 1400, 
1500, and 1600 ºC to investigate mechanical properties. The shrinkage of mullite ceramic at 
different sintering temperature was displayed on Fig. 4. As treatment temperature was 
increased from 1200 to 1600 ºC, the shrinkage of alumina-silica ceramic increased from 0.6 to 
2.0 %. 

 

 
Fig. 4 Shrinkage of mullite ceramic at different sintering temperature 

 

 

The strength of ceramic components is essential to be obtained in industrial applications. The 
test samples with a size of 45mm×4mm×3mm was fabricated and measured by the three point 
bend method. The bending strength of the tested samples is shown in Figure 5. When the 
treatment temperature is increased from 1200 to 1600ºC, the bending strength is ranged from 
20 to 65 MPa. When the temperature equals 1500ºC, the bend strength has a maximum value 
of 65 Mpa. As temperature increases to 1600ºC, the bend strength reduces to 55 Mpa. 
 

 

 
Fig. 5 The relation between bending strength and different sintering temperature. 
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SURFACE MORPHOLOGY 

Surface Microstructure on these mullite ceramic samples were examined and analyzed by 
scanning electron microscope (SEM). Fig. 6 displays the SEM Micrographs (JEOL JSM 
6500F) of the surface of specimen deposited by 3D printing.  

 

 
Fig. 6 - SEM Micrograph of a mullite ceramic sintered at 1600ºC 

. 

The samples were sintered at 1300ºC, some crack networks was appeared on the surface and 
its bending strength was not good at all. Samples sintered at 1500ºC, all alumina and silica 
particles fuse together well but with some small pores. Sintering up to 1600ºC, the melting 
point of silica, some silica was melt, filled into void between particles and solidified as 
cooling and then more and bigger pores was produced inside the specimens. Because sample 
sintered at 1600ºC, alumina and silica particles fused together well but with some larger pores 
in the surface so that its bending strength was lower and porosity was bigger than those of 
sintered at 1500ºC. 

 

CONCLUSIONS  

A home developed 3D printer was succeeded to build mullite green parts using the slurry of 
blending alumina and silica powder and silica sol as binder. The better mechanical properties 
can be achieved by constituted of the alumina and silica powder mixed in 45:55 wt% with 
appropriate binder silica sol for 3D printing the green parts which then were heat treatment at 
1500℃. The bending strength and shrinkage can be reached 65 MPa and 2 % respectively. 
Furthermore, this laser sintering process needs only low laser power (< 20W) to build ceramic 
parts, the deflection and shrinkage of each ceramic layer can be decreased, also a distortion 
due to post sintering process is avoidable, Hence, this process can produce more precise 
ceramic parts. In particular, the inner channel parts. This process has potential to fabricate the 
inner complex ceramic components for industrial applications.  
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ABSTRACT 

This article presents an innovative propulsion system tested up to now with vehicles with four 
but free wheels, that is, vehicles without traction wheels i.e. zero-wheel drive (0-WD). In this 
process the propulsion force does not depend on drag between tires and road, doesn´t require 
loss of mass, or any interaction with the environment. Design and experiments were 
progressively developed with different prototypes of small size due to economic and technical 
reasons. The most successful prototypes were built in 2011 and 2014, but other models have 
also been fundamental to demonstrate the operating principle. Future improvements are now 
under study aimed to design, building and testing improved and safer transportation means. 

Keywords: momentum transmission, momentum conservation, zero-wheel drive (0-WD). 

 

INTRODUCTION 

Recent innovative propulsion systems depend on the mass thrown from the vehicle like in 
space ion thrusters, or by moving liquid with magnetohydrodynamics (Marco, 2016). Other 
solutions like Maglev explore linear actuactors (Laithwaite, 1975) and (Chang-WH, 2015). 
Other new propulsion systems are presented in (Millis, 2006), (Vartholomeos, 2008), and 
(Wane, 2009). There is no need for new laws of physics / mechanics to explain how it is 
produced thrust of a vehicle without traction wheels because locomotion of octopus, boats, 
aircrafts and rockets are all justified by the momentum conservation and transmission 
principles or, with action-reaction law. 

The initial experiments carried out by the first author, begun with a wheelchair and then with 
a load cart, only demonstrated the possibility of moving these vehicles. The next step was a 
mechanized / motorized vehicle with four but free wheels. In early 2011 this first prototype  
0-WD-2011 (Figure 1) demonstrated the ability to move the vehicle by using an electric 
motor instead of muscular effort or weight (used until Meccano-2010; see Table 1). In 2012 a 
larger vehicle was constructed having in the center the engine and an actuating mechanism. 
This mechanism could compress two gas springs on the one hand, or actuate a platform with a 
circular translation movement of the other side. The results were not satisfactory with springs, 
but the side similar to 0-WD-2011 confirmed the possibility of the author actuate the 
mechanism for moving the vehicle, due to the absence of an electric motor with power 
required. The lessons collected in experiments by 2012 were encouraging but challenging. 
The videos of the tests were observed patiently and in detail using Power Director. The main 
interest was to obtain a continuous motion of the vehicle, from a 0-WD rotational mechanism, 
therefore a new 0-WD process was designed in 2013, with its prototype built between July 
and October 2014, whose tests were conducted during November 2014. 
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RESULTS AND CONCLUSIONS 

Figure 1 illustrates two 0-WD vehicles, in movement tests, all on flat surfaces with the usual 
irregularities in tables and workshop floor. Table 1 compares the main specifications of all 
prototypes and the results obtained in the tests.  

Table 1 - Test results of Zero-WheeDrive (0-WD) vehicles in horizontal floor/flat surfaces 

0-WD vehicle Mass (kg) Power (W) Actuation Speed (m/s) 
Wheel chair-2009 85 - muscular N/A 
Load cart-2009 100 - muscular N/A 
Meccano-2010 4,3 - weight N/A 
0-WD-2011 3,6 250 electric 0,034 
0-WD-2012 125 - muscular N/A 
0-WD-2014 18,3 620 electric 0,1 

 
0-WD-2011 

 

0-WD-2014 

 
 

Fig. 1 - Two main configurations of the tested 0-WD vehicles 
 

In order to improve system performance new developments are aimed to enable safe operation 
of these vehicles without wheel drive (0-WD) regardless of weather and road conditions, as 
well as, designing and testing of new applications to future boats, aircrafts, and spacecrafts. 
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ABSTRACT 

This paper deals with the development of a prototype designed to produce electricity 
anywhere and that introduces mechanical and electrical innovations. First, gravitational 
potential energy (GPE) is stored in each half-turn of the system rotor and can be converted to 
electricity, only when necessary, by alternating linear movements of permanent neodymium 
magnets inside stationary electric coils with constant area. 

Keywords: micro-power, hybrid system, gravity, electricity. 

 

INTRODUCTION 

Many texts like (Krishnan, 2001) address the multidisciplinary subject of electric 
motor/generator drives. Several micro scale power generation systems and hybrid power 
generation systems of wind turbines and solar (Stevens, 2005), or, (Mostafa, 2014) including 
other renewable energy sources, have been presented in order to reduce system operating 
costs and avoid air pollution caused by fossil fuels used in thermal engines driving electric 
generators. Other papers [Hossam, 2016) propose supervisor control for power management 
of hybrid AC/DC microgrids. 

In this study a new type of micro hybrid portable electric power generator capable of working 
with muscular effort or, with other energy source, and using gravity is presented. The 
mechanical part is an innovative system for mass elevation proposed by author (Loureiro, 
2016) and named PIR-2015 due to the use of mass rotation in a inclined plane. Thanks to the 
system configuration, the gravitational potential energy (GPE) which is stored in each half-
turn of the system rotor, can be converted, only when necessary, in an almost constant torque 
by the organ called "shadoof" ("picanço" or, "wells" sweep) that drives an electric generator 
of linear type. The electromechanical generator converts the mechanical energy into electric 
energy according to Faraday's induction principle, but with alternating linear movements of 
permanent neodymium magnets inside stationary electric coils. It has the advantage of 
operating with constant values of area (A) and magnetic field (B) of a magnet which moves 
always perpendicular to each loop of wire as opposed to classical rotary electromechanical 
generators. The electrical energy obtained is accumulated and managed by a DC / AC load 
control / management system. 

 

RESULTS AND CONCLUSIONS 

Although it can be used the pivot rotations of two " shadoofs/ picanços", with axes (X) and 
(Y), for successive movements of four rods / magnets inside the coils, the PIR-2015 was 
tested only with a magnet / coil, as shown in Fig.1, and two coils with different number of 
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turns were tested in order to demonstrate the principle of operation. Table-1 presents the main 
specifications and the results of tests performed with PIR-2015. 

Table 1 - Specifications and main results of PIR-2015 testings 

Specifications 
Motor torque 
Magnetic field 
Magnet Diameter 

Values 
0,116 

15 
13 

Unit 
Nm 
mT 
mm 

Coil-1 
- 
- 
- 

Coil-2 
- 
- 
- 

Coil Diameter - mm 26 26 
Lenght - mm 30 30 
Turns 
Inductance 

- 
- 

- 
mH 

18 
0,016 

300 
3,17 

Resistance - ohm 0,2 4,3 
Average emf - mV 0,2 2,8 
Peak emf - mV 10 100 

 

 

 

Fig. 1 - PIR-2015 under testings 

The proposed system, in PIR-2015 configuration, works but needs some improvements. 
Future works include modeling of the PIR-2015 hybrid system, as well as, sizing for a 1 kW 
unit, and its construction and tests.  
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ABSTRACT 

This work intends to develop a reinterpretation of the ceramic tile through the analysis of the 
ceramic industry. In parallel I will carry out an investigation with the Plastic Industry. The 
ultimate goal is the development of a coating product, a new tile produced in plastic, which 
accompanies the new forms of Architecture, unconventional forms and the possibility of 
conjugation with spaces in an objective, harmonious and distinctive way. 

Keywords: tile, ceramic, plastic, mass production, customization, architecture. 

 
INTRODUCTION 

 “Although the birth of the tile is not Portuguese, there was no other country in the European 
continent as Portugal which has given this material such an expressive and original treatment, 
well adapted to the various specific economical, social and cultural constraints, which has 
also been used in such a complex and broaden way, having goals that widely transcend a 
meere ornamental role.” (Meco, 1993, 11) 

The evolution of the the Tile in Portugal 

The tile is originary of the Mesopotamia, birthplace of the first civilizations, which, deprived 
of stone and wood, had to use clay brought along by the floods of the Tiber and Eufrates 
rivers. Its primordial link to arquitecture is achieved by the creation of sun-dryed clay blocks 
used to build houses. So, its primordial function of structural elements later changes into 
ornamental elements by  giving it chromatic and highlighted effects. The oldest register of 
these effects can be found in the Museum of the Ancient Near East, in Berlin, having been 
discovered in the Inanna  Temple, in Uruk. 

The evolution of the tile is caracterized by the introduction of new effects, gaining a “true 
artistic personality in Persia, during the caliphate of Bagdade, developing itself mainly in the 
ceramic centers of Raggés and Kashan” (Simões, 1965: 249). 

In Portugal the use of the tile has been accepted as certain after the last third of the XVI 
century, associated to various influences. Being an item which has suffered various alterations 
along the way, there are several phases which caracterize the tile, not only through an 
aesthetic evolution, but also a technical one. 

The European pavements of the early Middle Ages and the middle XVI century are called 
archaic and were formed by ceramic tiles constituted by clay plates with diverse geometric 
shapes. The influences of this type of pavement derive from the roman tiles, opus 
tasselatum,and bizantine tiles, opus alexandrinum. 
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The decorated medieval tiles, which derive from the pavements, are designated engobes and 

are caracterized by red square clay plates on which the decoration was imprinted raw using a 
wooden mold which made slight depressions on the piece. These depressions were filled with 
engobe, which distinguishes itself  for being a liquid clay that may take on a white or a 
stained yellow colour. These plates were then baked at one go and glazed with colourless red 
lead. 

A new way of working the tile was introduced, similar to the glaze obtained through the use 
of red lead. The mixture made between tin oxide and red lead glaze allowed the tin glaze to be 
decorated with metallic oxides, resulting in opaque colours. This innovation, developed in the 
Kingdom of Grenada, was essentially applied to two types of ceramics, which were 
ornamented pieces and tiles and plied coatings. 

The plied coatings, widely used in Seville between the XIII and XV centuries are 'ceramic 
tiles formed by irregular pieces of solid colours, geometrically organized according to various 
combinations, highlighting the ones which form starry compositions and the ones which come 
out of interlaced motions' (Meco, 1993, 35). 

The main difference between the plied coatings and the european medieval pavements is its 
application, essentially parietal, due to its own complexity of combinations and its production 
technique. 

The designation plied derives from the cut applied to the piece by the plier after baking. 

Across the XV century there was a revolution in the production of ceramic coatings in Seville. 
Due to the difficulty of producing plied coatings, their geometric schemes were used in the 
production of dry string tiles, which 'may be considered the European tile prototype, through 
the standardization of the material, allowing the production and application to be separated 
into different fields, which facilitated tile export and its use in other cultural contexts, namely 
its wide dissemination in the Portuguese territory' (Meco, 1993, 35). 

The conquest of Seville bu the Christians in 1248 didn't affect the production of muslim 
tradition ceramics, obtaining prominence after the fall of Grenada in 1492. Contrary to the 
grenadine pieces, known for their decoration on tin glaze, Seville developed the dry string 
technique. This technique distinguishes itself for the direct application of several colours on 
the surface of the baked clay, requiring separators to prevent the mixture of colours during the 
fusion process on the second baking. The separators, made with a mixture of manganese 
oxide and fat, were applied with a brush, which, after baking, would become dark traces of a 
metallic tone, which led to the designation dry string. 

Around 1500, tiles produced using the dry string technique started being replaced by another 
production technique, namely Edge. This technique involved applying molds with 
indentations 

which left on the raw clay plates fine protrusions, called edges. These served the purpose of 
preventing the mixture of glazes during baking. In spite of coexisting for a period of time, 
Edge soon overtook Dry String for its technical simplification. Serving the same purpose, that 
is, preventing the mixture of colours, the introduction of fine protrusions was more effective 
in the process,  and also 'represented an expressive element' (Meco, 1993, 35). 

The third trend that influenced the portuguese production of tiles was the development of 
majolica. Due to the sumptuous needs of Italy at the time of the Renaissance, Chinese 
porcelains  arriving in Europe were coveted by their difficulty of acquisition, making them 
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exclusive. In addition, the import through Maiorca's port of numerous ceramic pieces with 
metallic reflections, 'whose production characteristics the Italian sought to imitate' (Meco, 
1993, 43), allowed Italians to modernize the ornamental language through a scholarly 
treatment. It is necessary to obtain a whiter and more stable base to allow the application of 
metallic pigments. The tin glaze used in the edge and dry string productions neither allowed 
the tile to be completely opaque, nor did they set the painting completely, letting it spread and 
marble during baking. The majolica technique has had its impact on European production 
defining ceramics up until nowadays. Antwerp becomes then the main financial center in 
Europe highlighting the production of ceramics and disseminating it until its decay at the end 
of the XVI century. After the fall of the city, ceramic art spreads to others points in Europe, 
like Hamburg, Montpellier, Northern Flanders, Seville, Talavera de la Reina and Lisbon. 

From the mid XVII century on tile painting suffered a sharper evolution, by making the 
contours with dark traces of manganese concentrated with a metallic shine, thus replacing the 
traditional cobalt blue. The alteration enphasized the importance of the drawing on the tile 
and gave compositions a more defined and stronger character, although it wasn't made in the 
tiling produced in Oporto. This one kept itself faithful, until the beginning of the XVIII 
century, to the rudimental polychromy characterized by sharp blues and orange yellows. 
However, it embraced manganese contours later on. 

The period between 1745 and Lisbon's earthquake in 1755 determines the development of 
another aesthetic renovation in tiling. It is clear an attempt to recuperate the chromatic pallete 
used in the previous century, announced by a discrete use of yellow on tile decoration, enticed 
by the introduction of the ornamental theme Rococo. Rococo is a style that prefers light 
colours, that is ornamental, representative and hedonist.  

At first, rococó style applied to tiling was characterized by delicate and sensitive painting, 
aided by thin and expressive strokes. Lisbon's earthquake didn't affect tiling production. After 
the earthquake, and combined with reconstruction works around the city, tiling production 
decreased its quality, maintaining its rococo language, although 'adapted to constructive and 
ornamental contexts, more rational and programmed, reflecting the spirit which presided the 
conception of the remarkable Pombaline Downtown of Lisbon (where tiling had a 
fundamental contrasting and enriching role' (Meco, 1993, 70). 

The production of tiles embebbed in rococóostyle reflects an initial phase designated by 
pombaline tile, distinguishing itself by the lack of refinement and creative individuality. The 
strokes are thick and the ornates are stereotyped, despite keeping the efficiency of the 
ornamental feature due to the depth and volume games coming from the contrast of colours 
used in painting. 

The final phase of the rococo style prolonged the use of ornaments derived from the 
pombaline period, in spite of the distance from the volume effects distinctive from the early 
phase of rococo, substituting them for a progressively linear expression. 

The neoclassic tiling is developed from the linear trends present at the final phase of rococo 
and for a language derived from fresco paintings, developed at the end of the XVIII century. 
The influence from the frescos came out in the intense polychromy  that substitutes almost 
entirely the painting in blue and white. Therefore, the colours used in neoclassic tiling were 
spontaneous, resulting in quick strokes that created watercolour effects. Parallel to the mixture 
of colours and spontaneous strokes, polychromic notes were acquired, which, associated to 
the scraping technique, demonstrated an exceptional adaptation from the neoclassic style to 
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tiling. The tiles that represent patterns and are embebbed in this style show simple pombaline 
patterns or imitate cloth linings from that period. 

The great political and social transformations that happened in the first half of the XIX 
century reflected themselves on the consumption and production of tiles, used on the outside 
coating of facades and produced using large scale industrial processes. Mass production  
reflects itself  in potteries and small factories which can't adapt themselves to new production 
methods, ending up closing. 

The raw material was also changed according to the new methods and artisitic teaching was 
abandoned, which resulted in the lack of qualified labour. This way, the price of non-serial 
tiling increased significantly, limiting the access of less fortunate social classes. The scarcity 
and inavailability to obtain tiles produced and decorated by hand meant an increase on the 
demand for industrialized tiles, which made it possible to open new factories, centered in 

Lisbon and Oporto.  However, relating a tile to its factory of origin was complicated, as there 
rarely was mention of the production location at the back. 

 Tile production, despite becoming scarce in terms of specialized labour, continued being 
used to aesthetic and ornamental means, preserving its decorative value without being linked 
to any characteristic aesthetic trend, using the various influences gotten throughout the 
centuries without homogeneity. It is necessary to mention that a big part of serial production 
made in the XIX century comes from rough systems that reduce the production to two types 
of tile: stamped tile and embossed tile. 

Stamped tiles, produced mainly in Lisbon, allowed the creation of numerous patterns used 
mostly on building facades. Viúva Lamego ceramics gained special attention in the 
production of these tiles, which consisted on the use of waxed paper, called stamp. The stamp 
was cut according to its own drawing which would later be drawn on the tile through a 
process of sticking to the glaze and painting with a brush on paper. The number of colours 
included on each tile would depend on the number of stamps used, one per colour. The 
stamping process is very similar to majolica's drawing. 

Embossed tiling in Oporto acted as a production that opposes a long period of lack of 
ceramics production. Massarelos factory is an important reference on tile production and 
played a major role on the production of embossed tiles. 

Tiles were made by using tins, filled with fat clays crafted manually. The most prominent 
parts of the embossment were refined to prevent the clay from deforming while baking. 
Regarding the tile surface, this was entirely glazed in white, getting a slightly coarse opaque 
painting, generally in blue, yellow and green. The method was mostly manual, and was 
therefore substituted by molds and countermolds which were pressed resulting in the desired 
embossment. In spite of this, tiles didn't have such a sharp embossment. 

The innovation in relation to the mechanical pressing was also the decoration, which was 
stamped on the presses and automatically placed during the respective industrial process. 

Later, due to technological advancements and the strong presence of the industry in the 
production of tiles, the factories in Lisbon also adopted the stamping through the pressing 
process, leaving as a differentiating characteristic the use of white pastes used in the 
manufacturing of english crockery, commonly called stone dust, while the factories in Oporto 
carried on using yellow clay. 
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In the first half of the XX century, the stone dust plates stood out for being an excellent holder 
for manual painting, because they din't need a tin glaze coating and presented themselves as 
very solid surfaces comparing to the holder. This material favored the emergence of tiles and 
loose plates. The main goals of these tiles, due to their size, were ornamentation and 
integration in furniture. Stone dust also enabled the development of mid embossing, whose 
variety of tones depended on the tickness of the glaze and the colour one wanted to include. 
The value given to these tiles was decisive, defining the first decades of the XX century and 
entering in the Art Noveau period. 

However, the technical processes faced several trends derived from the romantic style, far 
from homogeneous and extended to a vast period, as well as historicist and nationalist trends, 
which have as main driver Rafael Bordalo Pinheiro and the artistic ceramics factory in Caldas 
da Rainha, between 1884 and 1905. 

The mastery of Bordalo Pinheiro comes out in his productions characterized by blushing 
glazes with various colours, mainly metallic green and black, in dense tones applied in thin 
and translucid layers which enhance the clay's embossment. 

Jorge Colaço also distinguishes himself for his work. Divided in two phases, the first 
associated to the first two decades of the XX century, Jorge Colaço worked in the ceramics 

factory of Sacavém. His tile compositions were of ' heightened and vibrant chromatics' 
(Meco, 1993, 87). 

The second phase represents the period between 1923 and 1942, starting to work at Lusitânia 
ceramics, in an independent studio, where he used yellow clay plates covered in baked tin 
glaze and where he painted predominantly in blue, adopting a traditionalist and academic 
side. 

Besides the historicist demonstrations and influences, the Art Deco style influenced tiling 
during the period between 1920 and 1940. This style was characterized by geometric and 
purified shapes, it enabled the systematization and made the production processes profitable. 
From this simplicity, several ceramic industries in Portugal adopted their own Art Deco style 
of tile production. 

The advent of modern architecture in the fifties, which was trying to keep away from 
academic and imperial historicisms of the dictatorship's constructions, imprinted a creative 
freedom in ceramic artists and painters like Jorge Barradas and Eduardo Leite. Viúva 
Lamego´s factory played a crucial role by its technical conveniences and specialized labour 
and enabling the creation of more representative works of modern portuguese tiling. 

There were two fundamental trends coming from the aesthetical freedom derived from the 
renovation of architecture and the experimental and creative possibilities of coating. 

The first trend relates to artists of predominantly pictural training, innovative in the 
conception of  compositions but without an individualized exploration of the respective 
production methods. Maria Keil, Sá Nogueira, Eduardo Nery, Júlio Pomar and Lima de 
Freitas, among others, are representative examples of this trend. The work of these artists was 
mainly aesthetical. 

The second trend encompasses artists of ceramic training, like Manuel Cargaleiro, Querubim 
Lapa and João Segurado, whose work valued mostly the expressive potential of materials. 

Serigraphy was a method developed and applied with great emphasis in Calouste Gulbenkian 
Avenue in Lisbon. 
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In the senventies and eighties negative symptoms are visible in relation to tile production, due 
to the appearance of several pottery workshops, whose final goal was to copy old tiles, 
imitating mainly tiles from Viúva Lamego´s factory and Sant´Ana. These copies were 'often 
wrongly misinterpreted as a renovation of a portuguese tradition' (Meco, 1993, 250) since 
they were limited to reproducing without having creative freedom or the creativity to build 
their own image, distinctive from this period. 

 
CASE STUDY OF THE STATE OF ART. CRUISE PORT, LEIXÕES 
ARCHITECT LUIS PEDRO SILVA  

The cruise terminal of Oporto, Figure 1, was born out of a project developed in 2004 included 
in the Strategic Port Development Plan, being a combination of projects and actions under a 
common architectural conception and coordination. 

The architecture of the main building, which has an usable area of 17500 m2 and was 
included in the curved sector of the peer, enabled the development of three blades that 
'embrace' the various functions being sustained by the building. Therefore, the building is a 
kneecap among three main functions, which are a new peer for cruise ships, a new port for 
recreational crafts and a new access to the city of Matosinhos. The construction becomes the 
key point of unloading and flow of people to the various areas and objectives, becoming the 
sole connection, which has long light plans characterized by a textural surface. 

The project is influenced by the curved lines where the building is placed and it suggests an 
inspiration from the Mobius strip, but also from the Finnish architect Eero Saarinen, who 
privileges the use of curved shapes. Sorting out the inner necessities of the project through a 
single trace, the construction becomes a spiral coated in tiles which extends from the inside to 
the outside, through an helical ramp, which constitutes a fourth blade that runs across the 
inside of the building working as a connecting axis between the inner functions of the 
building. In addition to giving emphasis to the connections between the inside and the outside, 
the architect offers natural light to the entire building as well, through the blade that unloads 
inside and covers a quadruple height. 

The tiles covering the outside of the building characterized by their diverse sizes, are 
transported to the inside through the ramp, which, besides promoting inner connections, also 
enables an architectural cohesion and a complete fusion with the chosen coating, taking part 
and contributing to the shape dynamics highlighted by the building. The concern with the 
natural light shines through the choice of material for the coating, the tile, due to its glaze, 
which can reflect natural light and its several tones, not only during the day, but also 
throughout the seasons. 

The different heights owned by the hexagonal pieces enable the creation of a texture 
throughout the building, playing with the curved shapes and creating a greater adaptation to 
them, revealing the shape further and becoming a part of it. The cruise port building of 
Leixões, from de architect Luís Pedro Silva, is an example of the search for new architectural 
shapes which aspire a total integration with the area where they are placed as a functional 
dynamics associated with its functions, city and user. This way, the tile becomes a reference 
ally, since, in addition to enabling and emphasizing the shape, it aims at its own personal 
character as a key part in the success of Architecture. 
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Fig. 1 - The cruise terminal of Oporto 
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THE PLASTIC TYPE 

The reinterpretation of the traditional tile comes of the need to keep up with the new 
architectural shapes. Through the advances of CAD programs, shapes that were unthinkable 
are now possible and have become a characteristic of modern day architecture. The plastic tile 
comes from a reinvention where the word “tile” is kept but the designation of the material is 
added - “Plastic”. Until now tile was tile and there was nothing more to it. Now it can be 
something else, more adaptable, more flexible, more resistant and more appealing with its 
infinite possible shapes. 

This new coating material can now be fused with the old symbol of the classic tile in a 
symbiotic connection where both have a leading role, without interfering with their main 
function. 

However, the plastic tile to improve and give a more effective answer, to problems that may 
arise into the current architectural specter, when it comes to its inclusion into a building. 

Due to the unusual and demanding shapes that the buildings can acquire nowadays, it 
becomes urgent to develop a coating material that can be shaped to the building and, in a 
complementary way, assume itself tridimensional forms. 

 

Objective 

The plastic tridimensional tile was thought as an alternative way of coating, which could be 
molded and adapted, to the new architectural shapes. But this is not enough to describe it all. 

The idealized plastic to materialize the plastic tile is the polypropylene (known in industry as 
PP) is a thermoplastic polymer which, as we will see, fulfills all needed requirements in terms 
of functional demands of decorative coatings but it allows as well the possibility of using 
recycled material. This side of the plastic tile enables the use of a reusable wall coating, not 
just a second application of the same tile on a different place but also the reintroduction of the 
same raw material, by submitting the plastic tiles to a recycling process. 

It is in an assertive way that we conclude this to be an added value to the project we intend to 
develop. This will promote a sustainable cycle between raw material, and final product, where 
the end consumer will feel part of the planet earth protection. 

But the added value of this project is not only on the recycling capability. With its ability to 
assume any possible form, the plastic allows us to have audacious and “Avant-gard” shapes. 

This way, the easy application of the product gives it the ability to bring a different character 
to a space in a very appealing way to the customer. 

The low cost of the raw material makes the plastic tile a product without direct competitors on 
the market. 

The design of the fitting fixtures has the objective of giving the tile extra added value and 
allow an easy and correct use once that the fitting itself works as a guide for a correct fixation 
to the wall. 

As we will be able to see further ahead, several fixation solutions were tested and the 
correspondent pros and cons were evaluated, always thinking on the end consumer, providing 
him an easy application solution. 

The product is directed to the common user that intends to give a personal and unique touch 
to his living space. But that does not tell everything about the plastic tile. It also intends to be 
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a coating material for public, commercial and recreation spaces. Finally we also intend to 
preservation and restoration purposes. The product was initially conceived for interior use but 
we are now aiming also for external applications. Our case study is the Cruise Ship harbor of 
Leixões, where the ceramic tile assumes a leading role on the coating of the internal and 
external walls. The final purpose of our project is the same, to have a communion between 
interior and exterior spaces, allowing a different dynamic on building fronts without, for that 
matter, to require a huge investment. Thinking also in rental spaces, the plastic tile allows the 
user to have a highly customized space without spending a considerable amount of money. 
Furthermore, the plastic tiles can easily be removed and taken somewhere else, if the 
consumer so desire it. 

Finally, starting with the simple and more basic product we have to offer, the decorative 
plastic tile, we are also exploring the possibility of having plastic tiles with utility functions. 
This way, the consumer can chose to have a plastic tile that would help him organize and have 
a better use of his space, tools and equipment. For example, we intend to develop tiles to be 
used as a support for mobile phones or tablets and tiles with electric sockets. With these 
solutions, we could have some of the most important functions of a household, hidden on a 
decorative part. 

 
The Plastic Tile and Customization 

As mentioned above, the plastic tile intends to create a communion with architecture. The 
mass production of the plastic tile, using plastic molding technologies and steel tools, allows 
us to produce and sell thousands of parts, with different colors or shapes. Although the mass 
production of these parts is important to get to the general public, we recognize that, to have a 
complete inclusion in architecture, we will also need to work on the possibility to have more 
expensive but fully customized products, using additive manufacturing (AM). 

AM technology, despite being on a constant development, still presents considerably higher 
costs than mass production. However, it has huge advantages when the customer looks for 
small series or unique parts. In these conditions, due to tool development and construction 
costs, mass production will be less cost effective, to produce the exact same product. 

We strongly believe that in the near future AM technology can be the main productive 
process for our product, giving the customer a “customized mass production”. This means 
that we will be able to design and produce specific tiles for a specific construction, giving it 
the ability to be fully adjusted and fused into the building. 

With this solution, the architect can now make the design of the coating material a part of the 
architectural project, allowing the creation of shapes and colors specially designed for a 
specific space. 

The final goal of this solution is to enhance creativity, originality and uniqueness on a 
building.  

 

The Plastic Tile and Mass Production 

The main purpose of this project is to extend the range of possibilities for wall coatings, in 
this specific proposal choosing the use of plastic. In communion with the concept of 
sustainability, the plastic tile allows us to compete with the other coating materials, in terms 
of cost, shapes and application. 
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When it comes to the shape of the part, the objective is to use the tile together with other parts 
with different shapes. This allows the end user to create unique patterns, without shape or 
direction restraints. 

Mass production gets closer to customization through the singularity of patterns, finishing and 
conjugations of different colors and shapes, creating unique feelings adjusted to each 
individual consumer. 

However, mass production will bring problems when it comes to the adjustment to 
architectural shapes. Since the plastic tile will be first produced in an industrial way, the 
consumer will be the one responsible for the better adjustment of its application to the wall, 
having to consider available area and possible pattern conjugations. 

These technical questions can, in part, be solved through the fixation fixtures. Initially they 
were intended to be used only as application guides, but then we saw a better use for them as 
clipping fixtures between the tiles itself, allowing a gap reduction between tiles. 

 

The fittings 

As it is possible to see on the pictures below, the final fitting came from an experimental 
process using 3D modeling. Despite the final solution presented here, we will proceed with 
further experiments and trials to improve and optimize the solution, always with the objective 
to make it easy as possible to end consumer. 

The current system does not allow movement on x and y axis, the tile must be placed using 
exclusively the z axis. This way, at the end of the application, in case we only have one 
available place surrounded by other parts, we can always fit the last part with a movement in z 
axis (movement from above).   

In addition to this, we propose the tile to be hold to the wall using glue. The glue will only be 
applied on the small component that will link the tiles. This way we avoid the use of glue 
directly on the tile, allowing it to be reused just by changing the linking component. 

Square  
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ABSTRACT 

This paper describes a design of a gearbox for an electric vehicle category BEV (Battery 
Electric Vehicle). The gearbox is designed for an installation in the arrangement of an electric 
powertrain called Dual Motor Drive System (DMDS). This type of an electric powertrain 
consists of two electric motors and one single-speed transmission. The work describes the 
construction design of the gearbox and it also includes stress analysis of designed gearbox 
housing using finite element method. 

Keywords: gearbox, transmission, electric vehicle, dual motor drive system. 

 

INTRODUCTION 

The development of gearboxes for common passenger vehicles is influenced mainly by the 
development of engines which are used in passenger vehicles. The development process of 
gearboxes for vehicles with internal combustion engines are currently described and discussed 
at a very high level. Many different designs of gearboxes are verified by drivers directly in the 
traffic on the roads across the world. End users can also choose from variety of types 
gearboxes. Compared to vehicles with internal combustion engines, vehicles that use electric 
powertrain are getting into serial production of automobile manufacturers in the last few 
years. Sales of electric vehicles are rising in some countries and electric vehicles are 
becoming more common. This trend gives the space for a new development of gearboxes for 
electric vehicles.  

Most of electric vehicle manufacturers are using, in most cases, single-speed gearbox with 
constant gear ratio, which consists of two gear sets and mechanical differential. Vehicles 
equipped with these gearboxes are achieving similar driving parameters in real traffic as 
conventional vehicles with internal combustion engines. Certain restriction is less drive range 
per one charge compared to the drive range with a combustion engine per one tank of fuel. 
The following battery recharge takes much longer than filling up a tank of fuel for internal 
combustion engines. 

The above mentioned information opens up space for the development of the entire electric 
powertrain, which would give electric vehicles better parameters in drive range and vehicle 
dynamics for a safe and comfort driving in today's traffic. At the Technical University of 
Liberec is the current development focused to an electric powertrain Dual Motor Drive 
System (DMDS). DMDS consists of two electric motors and one single-speed transmission 
with a mechanical differential. The design of a gearbox for this type of electric powertrain is 
the subject of this article. 
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PURPOSE OF THE DESIGN PROCESS 

The main purpose of the design was to create the prototype of a single-speed gearbox for 
powertrain arrangement DMDS for vehicle category BEV (Battery Electric Vehicle). The 
main reasons for using a single-speed transmission were properties of used electric motors, 
simplicity of design and achieved lower weight compared to other transmission design 
solutions. 

Design had to be created with regard to real making of the prototype. It was necessary to 
consider primarily making possibilities at the Technical University of Liberec during the 
design process. For this reason was necessary to take into account the cost and availability of 
technologies for all components. 

The total making costs were reduced by using some components which are available in 
common vehicle gearboxes in vehicles with combustion engines. During the design process of 
the prototype were assessed and then selected such components which met the requirements 
of the designed transmission. Components designed to make were used in cases in which 
were not found a solution using available parts or in cases in which newly made component 
brought much better properties. 

 

COMPONENTS ARRANGEMENT 

The overall transmission ratio was determined with regard to considered electric motors 
parameters and requirements for the operation of vehicle on regular roads. Vehicle with this 
powertrain should be able to reach sufficient speed to allow comfortable travel on highways. 

As it was mentioned previously to reduce making costs of gearbox were assessed components 
in mass-produced transmissions used in vehicles Skoda Auto a.s.. Suitable components were 
found in the gearbox MQ200 Skoda 02T. This gearbox is mounted for example in Skoda 
Fabia. Max. input torque is 200 Nm. For the purposes of the design was selected fourth gear. 
The overall transmission ratio of fourth gear with the final drive is 4.027.  

 

 

Fig. 1 - Components arrangement of designed DMDS powertrain 

 

Each of the motor is placed at one side of the gearbox and the torque of both motors is 
brought to the first shaft of the gearbox. First gear set and the final drive with differential are 
all used from the fourth gear of the gearbox MQ200 Skoda 02T. The differential is used with 
flanged shafts. This solution allows to connect transverse shafts from Skoda vehicles. Motors 
are placed behind the front axle of the vehicle. 
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DESIGN DESCRIPTION 

As it was mentioned previously all gear sets comes from the gearbox MQ200. All bearings 
are also used from this gearbox. Namely the whole module set of two ball bearings in a metal 
case, two roller bearings and tapered roller bearings on the differential. Due to the original 
position of the fourth gear next to the final drive was possible to use the second shaft of the 
gearbox MQ200. The second shaft was adapted for design purposes before heat treatment. 

The first shaft of designed gearbox was designed to manufacture. A part of the shaft is a 
wheel of parking pawl. The gear number 11 is pressed on the shaft. For the purpose of 
connecting two electric motors are on both sides of the shaft designed machine keys. 

 

Fig. 2 - Section of designed gearbox 

Internal components are placed in the gearbox housing. The material of the housing is 
aluminium alloy EN AW 7021 [AlZn5,5Mg1,5].  The main advantages of this material were 
extremely low internal stress, very good dimensional stability, high strenght and very good 
machinability. Shapes of the housing are designed for making by CNC milling machine. 
The housing was designed with regard to low weight and appropriate rigidity. The minimum 
wall thickness is 5 mm and in areas of connection of the lid with the housing is edge thickness 
8 mm. 

  

Fig. 3 - Gearbox housing and lid  

Electric motors are mounted to the housing by cylindrical flanges. These flanges allows 
to mount electric motors with standardized flange NEMA C-face. This solution allows  
installation of e.g. PMSM motors Motenergy or ACIM motors from HPEVS. In case 
of request for installation another motor there is a possibility to design new flanges 
and the rest of gearbox could be used as it is to all the other motors. 
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Fig. 4 - Designed DMDS powertrain 

Considered electric motors do not make almost any braking effect during inactivity 
as conventional internal combustion engines. To secure the vehicle during parking is 
the gearbox equipped by the parking pawl mechanism. This mechanism originally comes 
from dual clutch automatic gearbox Skoda DSG. 

 

  

Fig. 5 - Parking pawl mechanism and mechanism in gearbox housing  

 

STRESS ANALYSIS OF GEARBOX HOUSING 

Designed gearbox housing was subjected to finite element method analysis which examined 
the safety and rigidity of the design. It was analysed the housing with cylindrical flanges. 
Static stress analysis was made in an environment of PTC Creo Simulate software integrated 
into PTC Creo 2.0. The load was considered for direction forward and reverse with an input 
torque of 200 Nm. 

The load of housing was placed on surfaces for bearings. Values were determined from 
reaction forces in places for bearings on each shaft. Further loads were gravitational force, 
bending moment from each motor and reaction torque with a value of 100 Nm from each 
motor. Boundary conditions were placed to areas designed for mounting the gearbox into 
a vehicle. In these areas was blocked movement in all three axes. 

For the analysis were used tetra 3D volume elements with a maximum length of the element 
10 mm. The total number of elements of the model was 79 781. For the analysis was used 
a material AL 6061 from a material library of PTC Creo. A yield point is 290 MPa and 
a tensile strength is 320 MPa. 

During analysis of first design was found insufficient stiffness of the lid (Fig.6). Then the lid 
was modified by adding ribs into areas for bearing of differential and bearing of input shaft. 
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By this modification was reached significant increase in stiffness of the lid without an 
excessive increase in stress (Fig.7). 

 

Fig. 6 - Displacement results for the lid without ribs 

  

Fig. 7 - Displacement results for the lid with ribs and Stress von Mises for the lid with ribs 

  

Fig. 8 - Displacement results for the housing and Stress von Mises for the housing 

The resulting values of Stress von Mises on all parts of the housing are relatively low 
compared to the yield strength of the material. Stress analysis confirmed the sufficient 
strength of designed gearbox housing. 

 

CONCLUSION 

The result of the proposal is a design of a single-speed gearbox for DMDS, which allows 
the connection of any two electric motors with a standardized flange NEMA C-face with 
the limitations of the maximum input torque 200 Nm and the maximum input speed 
7000 rpm. 

At the Technical University of Liberec is currently one prototype of this gearbox made 
and assembled (Fig.9). The prototype is now installed in the experimental vehicle called TUL 
eSus and it is used for testing and verification expected parameters of DMDS 
in the laboratory of vehicles and engines on the roller test bench (Fig.10). 
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Fig. 9 - Gearbox prototype 

 

 

  
Fig. 10 - Experimental vehicle TUL eSus on the roller test bench 
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ABSTRACT 

This work presents study on advanced materials development for 3D printing technology and 
describes the application of additive manufacturing process in producing structures with 
improved characteristics. The manufacturing method of functional materials is provided 
together with the results of computer simulations and laboratory tests performed to optimize 
and evaluate mechanical and electrical properties of the structures. This research allowed to 
work out the methodology for producing functional materials and to identify potential 
improvements of compression and dielectric strength that are possible by combining 
advanced materials, 3D printing technology and computer simulations. 

Keywords: 3D printing, composites, geometry, optimization, mechanical, electrical. 

 

INTRODUCTION 

The aim of this study was to develop polymer based materials with enhanced functionality 
and additional benefits that can come with 3D printing technology, using computer 
simulations. After computer optimization mechanical and electrical parameters were 
determined experimentally and crucial characteristics of 3D printed samples have been 
defined.  

In the first step mixture of ABS thermoplastic granules and carbon fibres (CF) were used in 
extrusion process to produce composite filaments with improved electrical conductivity. 
Different lengths of carbon fibres, filler levels, process operations and parameters were 
investigated to find the optimum material composition and processing.  

The second part of research was focused on electrical and mechanical performance 
optimization of the 3D printed structures. For this purpose dielectric and mechanical 
computer simulations were performed for initial evaluation and for comparison of different 
design concepts. Next, some of designs were fabricated in 3D printing process and tested in 
laboratory environment to evaluate the compression strength and dielectric strength of the 
worked out geometrical concepts. 

 

MATERIALS DEVELOPMENT 

According to the performed literature search there were attempts in the field of composites 
development for additive manufacturing technology (Zhong, 2001; Moulart, 2004; Ning, 
2015). In this research the first stage aimed at developing composite material in the form of 
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thermoplastic filament filled with carbon fibres that would be applicable to 3D printing Fused 
Filament Fabrication process. The goal was to obtain material having different electrical 
conductivity provided by the said carbon fibres. ABS thermoplastic was chosen as the 
composite matrix. Properties of typical ABS material are gathered in Table 1 (ABS Filament 
MSDS). 

 

Table 1 - Properties of ABS 

Physical state Solid 
Odour None 
pH Not applicable 
Density 1.03 g/cm3 
Decomposition temperature 250°C 
Autoignition temperature 466°C 
Melting point/range Softening above 100°C 
Water solubility Insoluble 

 

Three different sizes of fibres were tested in terms of composite system development. Carbon 
fibres with the average length of about 4 mm (Fig. 1b) were clogging the extruder worm gear, 
so it was impossible to extrude this material. Eventually, because of technological capabilities 
(the nozzle of 3D printer having a diameter of 400 µm) the shortest and finely grounded fibres 
(Fig. 1a) were used. Fibres diameter was greater than 7 µm and their average length was 150-
200 µm. The maximum length of a single carbon fibre was in the range 1000-1250 µm (Fig. 
1). The basic properties of carbon fibres are presented in Table 2 (Carbon Fibre MSDS).  

 

 
Fig. 1 - Carbon fibre with the average length: a) 150-200 µm, b) 4 mm [2] 

 

Table 2 - Properties of fibres  

Fibre type Carbon 

Colour Grey/black 

Odour None 

Specific gravity 1.78 g/cm3 

Additional information Electrically conductive 

 

Different carbon fibres concentrations were investigated when developing the composite 
material. More precisely, ABS matrix was filled with 6 wt%, 12 wt% and 18 wt% of carbon 
fibres. After initial trials with the ABS+CF composite extrusion microscopic evaluation of the 
obtained structures was performed. It revealed problem with air voids formation inside the 
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composite structure and with fibres clustering making the properties of the composite material 
non-uniform. In this connection additional steps were introduced into the material formulation 
process including drying, granulation, rolling and milling. In total three different material 
formulation procedures were developed and tested as illustrated in Fig. 2.   

ABS with 6 wt% CF was produced using two different procedures. In both cases the granules 
were dried, extruded, granulated, dried again, extruded again and granulated again. Next, in 
the A process the filament was subjected to rolling mill operation in a crusher roller and the 
resulting sheets of material were ground in a mill to yield composite flakes (refer to Fig. 3) 
which were then dried and extruded for the third time. In contrast in the B process the 
filament was only dried and granulated for the third time. Additional steps taken in the A 
process were designed to unify the composite by eliminating air bubbles and clusters of 
carbon fibres. The effect of improvements in ABS+CF composite formulation process can be 
observed in Fig. 4. Filaments 12 wt% and 18 wt% were produced according to the A 
procedure. 

 

 
Fig. 2 - Different material formulation procedures developed and tested 

 

COMPUTER SIMULATIONS 

Development of material with properties given for the given application is only one side of 
the problem. Equally important aspect influencing the final quality and functionality of 3D 
printed part is its geometrical design. For this purpose design optimization study was 
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performed and it concerned two aspects, namely compression strength and dielectric 
performance of the evaluated structures. Investigations were based on computer simulations 
allowing one to analyse and optimize the mentioned properties of 3D printed geometries.  

 

 
Fig. 3 - Material flakes after milling operation 

 

The first part of numerical study were 3D mechanical analyses of 100x100x2 mm plates 
having different internal structures with compressive load acting on them from the top as 
presented in Fig. 5. The bottom walls of the said structures were mechanically constrained. It 
can be seen that main difference between the analysed geometries was the wall thickness. 
Honeycomb 1 structure had the thinnest walls, Honeycomb 3 had the thickest walls and walls 
in Honeycomb 2 structure was in the middle. 

 

 
Fig. 4 - Effect of improvements in ABS+CF composite formulation process 

  

The results of mechanical simulations are presented in Fig. 6 and Fig. 7. Fig. 6 depicts forces 
obtained for different analysed structures at 1% strain. It can be concluded that the solid 
geometry turned out to be superior to all honeycomb structures. The force value for the solid 
sample was around 300 kN, while for the honeycomb geometries it varied between 38 kN and 
155 kN. Fig. 7 shows distribution of mechanical stresses in two selected honeycomb 
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structures. It can be concluded based on these results that thickening of the honeycomb 
structure decreased the values of stresses, what means also higher compression strength.     

 

Fig. 5 - Geometries considered in mechanical simulations 
 

 
Fig. 6 - Results of mechanical simulations 

 

 
Fig. 7 - Distribution of mechanical stresses in the analysed structures: a) Honeycomb 1, b) 

Honeycomb 3 
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In the second part of numerical study different geometrical designs expressed by 2D model 
were investigated considering their dielectric performance. The configuration of the analysed 
system is presented in Fig. 8. It consisted of circular metal electrode on a potential of 1V, of 
grounded metal wall and thermoplastic barrier placed between them. All elements of the 
tested system were surrounded by insulating oil. Electrical permittivity of the oil and barrier 
material was defined on the level of 2.2 and 2.8 respectively. The barrier between the 
electrodes was either solid wall or had layered structure. Several different layered structures 
were investigated and they differed by the number of layers, layers thicknesses and distances 
between layers as shown in Fig. 9.  
 

 
Fig. 8 - Configuration of the system with G1 barrier analysed in electrical simulations  

 
 

 

Fig. 9 - Different layered structures analysed in electrical simulations 

 
The results of electrical simulations are presented in Fig. 10 and in Table 3. It can be 
concluded based on Fig. 10 that the electric field distribution is influenced by the barrier 
structure. It can also be stated analysing the values of maximum electric field gathered in 
Table 3 that the introduction of layered barriers can reduce the field strength in the barrier 
material at the cost of higher electric field in the oil between the barrier layers. 
Simultaneously, electric field in oil outside the barrier (between the barrier and the grounded 
wall) is reduced thanks to the layered structure of the barrier when compared to the reference 
solid barrier geometry (G1). In other words the mostly stressed oil volume is enclosed 
between the barrier layers what may reduce the probability of discharge inception. However, 
this observation has to be confirmed in real electrical tests. 
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Fig. 10 - Distribution of electric field strength depending on the barrier structure 
 

Table 3 - Maximum electric field observed in computer simulations  

Geometry G1 G2 G3 G4 G5 
Emax in barrier material [V/m] 97.54 94.78 96.33 96.51 97.33 
Emax in oil inside barrier [V/m] 103.96 109.16 110.93 106.31 107.26 
Emax in oil outside barrier [V/m] - 102.13 98.33 102.99 101.00 

 
MECHANICAL TESTING 

The performed numerical study was followed by experimental verification of different 
geometrical concepts including lattice-like and honeycomb-like structures that were compared 
with the reference solid counterpart. Samples had the shape of a right rectangular prism with 
dimensions: 10 x 10 x 4 mm as presented in Fig. 11 and Fig. 12.  

 

 
Fig. 11 - Geometrical concepts verified in mechanical tests: a) lattice, b) honeycomb, c) 

solid 
 

 
Fig. 12 - Specimens made of Ultem 1010 before testing: a) honeycomb structure, b) solid 

structure 
 

In the first part of experimental study compressive properties of 3D printed thermoplastic 
structures were determined. Specimens were manufactured on Stratasys Fortus 450mc 3D 
printer in material extrusion process known also as Fused Deposition Modelling (FDM) 
technology. Direction of printing was towards one of the long (10 mm) sides. Ultem 1010 
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material was used, which is amorphous thermoplastic polyetherimide, offering elevated 
thermal resistance, high strength and stiffness together with broad chemical resistance. 
Properties of Ultem 1010 material are gathered in Table 4 (Ultem 1010 TDS).  

 

Table 4 - Properties of Ultem 1010  

Mechanical properties 
 XZ axis ZX axis 

Yield tensile strength 64 MPa 42 MPa 
Tensile modulus 2770 MPa 2200 MPa 

Tensile elongation at break 3.3 % 2.0 % 
Flexural strength 144 MPa 77 MPa 
Flexural modulus 2820 MPa 2230 MPa 

Flexural strain at break No break 3.5 % 
Yield compressive strength 134 MPa 107 MPa 

Compressive modulus 10000 MPa 1120 MPa 

Thermal properties 
Heat deflection temperature @ 66 psi 216 °C 

Heat deflection temperature @ 264 psi 213 °C 
Vicat softening temperature  214 °C 
Glass transition temperature 215 °C 

Coefficient of thermal expansion 47 µm/(m·°C) 

Electrical properties 
Volume resistivity 1.0 x1014 - 8.96x1015 ohm-cm 
Dissipation factor 0.001 

Dielectric strength 240 V/mil 

Other properties 
Density 1270 kg/m3 

 

The tests were carried out according to (EN ISO 604:2003 standard) using material testing 
machine as shown in Fig. 13. The test specimen was compressed at constant speed until the 
specimen fractured or until the load or the decrease in length reached a predetermined value. 
The load sustained by the specimen was measured during this procedure. 

 

 
Fig. 13 - Experimental stand for mechanical testing: a) testing machine, b) the tested 

sample during compression measurement 
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Fig. 14 illustrates the state of samples after compression tests. It can be seen that honeycomb 
and lattice structures were broken during the test and split into small pieces, while solid 
samples were contorted, but remained in one piece. These observations are in line with the 
values of the measured compressive load depicted in Fig. 15. The highest force on the level of 
5087 N acting on the sample was recorded for the solid structure, while for lattice and 
honeycomb geometry it was on the level of 2582 N and 2355 N respectively.  

 

 
Fig. 14 - Specimens after compression tests: a) honeycomb, b) lattice, c) solid 

 

 

Fig. 15 - Results of compression strength measurements 

 

ELECTRICAL TESTING 

In the second step dielectric properties of 3D printed specimens were evaluated. Electrical 
tests were done on 100x100x4 mm samples 3D printed in FDM process out of Ultem 1010 
material. 5 different internal structures of specimens were investigated in electrical tests and 
for each 6 specimens were tested. Four of them were layered samples and the reference 
constituted sample having solid structure. The samples are presented in Fig. 15 and the 
layered structure is additionally described in Table 5.  

 

Fig. 15 - Geometries of specimens tested electrically 
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Table 5 - Layered structures of the tested specimens 

No. Layer Sample 0 Sample A Sample B Sample C Sample D 
1 plastic 4 mm 0.8 mm 0.8 mm 1.6 mm 1.6 mm 
2 oil - 0.8 mm 0.267 mm 0.8 mm 0.4 mm 
3 plastic - 0.8 mm 0.8 mm 1.6 mm 0.8 mm 
4 oil - 0.8 mm 0.267 mm - 0.4 mm 
5 plastic - 0.8 mm 0.8 mm - 0.8 mm 
6 oil - - 0.267 mm - - 
7 plastic - - 0.8 mm - - 

 
Total thickness 
of plastic layers 

4 mm 2.4 mm 3.2 mm 3.2 mm 3.2 mm 

 
Total thickness 
of oil layers 

0 mm 1.6 mm 0.8 mm 0.8 mm 0.8 mm 

 

All samples were tested according to (IEC 60243-1 standard). All samples were 
preconditioned for 2 hours before measurement in insulating oil having dielectric strength 
higher than 232 kV/cm. This preconditioning allowed to impregnate samples with insulating 
oil and to get rid of the problem with air voids that could influence the measurements results.  

Experimental stand used in dielectric measurements is shown in Fig. 16. Symmetrical set of 
circular electrodes having 75 mm of diameter, with rounded edges and made of stainless steel 
were used. The measured samples were placed between the electrodes and, next, the whole 
system was immersed in the same insulating oil as the one used for samples preconditioning. 

 

 
Fig. 16 - Experimental stand used in breakdown voltage measurements: a) sample between 

electrodes in insulating oil, b) electrode system 
 

Testing procedure applied in breakdown voltage measurements is illustrated in Fig. 17. AC 
test voltage applied to each sample was increased up to PD inception voltage Uinc. Next, PD 
values were recorded for 15 s, the voltage was decreased to 0 kV and the measurement results 
were noted. In the subsequent cycle the voltage level was increased above PD inception level 
by the value being the smallest multiple of number 5 and the measurement was repeated. In 
the subsequent cycles the test voltage was increased by 5 kV above the value from the 
previous measurement and results were recorded until sample breakdown at Ubd voltage level. 
If breakdown occurred at the defined voltage level then time between the AC test voltage 
setting and sample breakdown tbd was also recorded. 
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Fig. 17 - Testing procedure applied in breakdown voltage measurements 

 

The results of breakdown voltage measurements are shown in Fig. 18. It is clearly visible that 
three out of four tested layered samples turned out to be superior when compared to the 
reference sample having solid structure. From dielectric point of view the weakest geometry 
was the one consisted of two thick layers of thermoplastic (each having 1.6 mm of thickness) 
separated by 0.8 mm thick oil layer. Its breakdown voltage was on the level of 22 kV, much 
below the value observed for the other samples. In turn, the highest voltage before breakdown 
was withstood by the sample having the highest number of thermoplastic layers (and also the 
thinnest layers). In this case the average breakdown voltage was equal to 36 kV, a bit higher 
than for samples A and D. The highest breakdown voltage was measured for one of A type 
samples and was equal to 41 kV. Additional observation was made when investigating 
samples after breakdown voltage measurements as presented in Fig. 19. Namely, it can be 
seen that breakdown occurred in all layered samples in the area of supports connecting the 
neighbouring layers of thermoplastic material. 

 

 

Fig. 18 - Results of breakdown voltage measurements 

 
 

 
Fig. 19 - Specimens after breakdown voltage measurements 
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CONCLUSIONS 

This study allowed for working out optimum method of composites formulation for 3D 
printing process resulting in more uniform material composition and less air voids inside the 
filament. Moreover, the performed numerical simulations and laboratory tests showed that 
there is a strong influence of geometrical design and printing direction on mechanical 
parameters. Finally, it was proved that 3D printing technology offering great freedom with 
respect to geometrical design can be applied as an enabler for improved electrical 
performance in comparison to the reference parts produced in subtractive manufacturing 
processes. 
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ABSTRACT 

This study aimed to analyze the variations of the kinematic parameters (time, speed, 

acceleration and mechanical power) during the running of the 100-meters dash in 

Mozambican athletes. The sample consisted of 10 athlete’s senior of Maputo (5 women and 5 

men). As for the results, there were no significant differences between the two study groups 

regarding the speed (Z = -2,888; p = 0.2331). However, there was a statistically significant 

difference between the two groups (Z = -3,361, p = 0.007) results in acceleration. Concerning 

the variable power a statistically significant difference was observed (Z = 0.576; p = 0.034). 

Keywords: biomechanics, speed, acceleration, mechanical power. 

 

INTRODUCTION 

The 100-meter dash race is a test considered merely a motor task of cyclic nature and with 

variable rhythmic structure, consisting of phases. This has been analyzed since the decade 70, 

in order to maximize yield. 

This can be seen by observing the literature that gives us indication and focusing on this 

subject (Bruggmann & Nixdorf 1990; Hay, 1981 and Less, et al., 1994). These studies have 

concentrated on the cinematic aspects. 

However, most of these studies focus on the approach run in the instant output, and on the 

other hand, the special exercises to improve aspects of the acceleration running. 

Thus, the present study seeks to analyze the variations of the kinematic parameters during the 

running of the 100-meters dash in Mozambican athletes. 

 

RESULTS AND CONCLUSIONS 

The sample consisted of 10 athletes seniors (5 women and 5 men) of Maputo. All athletes 

were sprinters and were chosen by their coaches as the best sprinters in their clubs. 

For the present study, the distance of 100 m was divided into 5 parts, so that each of them 

spanned a distance of 20 meters. Each athlete performed 6 runs of 100 m. In the end, it was 

considered the average of the top five attempts. After the data was collected, it was 

determined the speed (v =
t

e
), the acceleration (

t

v
a

∆

∆
= ) and the mechanical power 

(P=Fv=mav). 
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The results of this study are shown in Figure 1 (speed curve), Figure 2 (acceleration curve) 

and Figure 3 (power curve). 

  

 

 

Fig 1 - Speed curve Fig 2 - Acceleration curve         Fig 3 - Power curve 

 

 

As can be seen in Figure 1, in all cases, it appears that the rate decreases from 30 meters, then 

increasing to 40 and 50 m. After that, it decreases and to increase further, from 80 m to 100 

m, which does not go according to the results found by Yamashita (2002). 

It found that in both groups, the average speed increased from the start of the race to a 

distance of 60 m and, after that, had a downward trend. This evidence is justified by the 

author when he says that, the speed at the end of the race, due to the exhaustion of the total 

energy should decrease despite the fact that our results do not show a single standard for the 

two study groups. 

However, the highest speed in the two study groups was an accomplished distance of 20 m. In 

any case, our results did not corroborate the results obtained by Fernandes (1979) and 

Mackala (2007), when they say in the sprints, the highest speed of an athlete of 100 m is 

between 40 and 70 m, depending on your fitness. 

This difference is due to the fact that the horizontal component of the force that the athlete 

applies against the soil decreases very markedly as the time passes, making it insufficient to, 

even overcome the air resistance. Thus, we believe that the result is obviously a loss of speed. 

But also corroborating Yamashita (2002), these results are due to the fact that each player has 

a different characteristic, that is, some athletes start with a lower acceleration and reach the 

maximum of its speed later than others. Some athletes, however, have an income drop at the 

end of the less intense competition. 

The results obtained did not obviously show differences between the two study groups with 

respect to velocity curve (Z = -2,888, p = 0.2331). 

By observing the graph of Figure 2, it is seen that the maximum acceleration achieved by the 

subject is achieved within the first 20 m of the race. In this stretch, the speed achieved is more 

expressive. The fact that the athletes reduce the acceleration immediately after this distance is 

probably related to the speed values obtained by athletes, from the distance of 80 m for both 

groups. 
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However, the acceleration upon starting, was more pronounced in male athletes, soa 

statistically significant difference between the two groups (Z = -3,361, p = 0.007) was 

discovered. 

Regarding the performance of athletes (Figure 3), the power point of view dissipated during 

the race, it was found out that, compared to the female group, the male group had a 

significantly higher performance. We believe that this difference is due to the fact that we 

consider the male group applied greater effort, both to raise the body from the starting 

position of the race, as well as to cross the air resistance. 

 

Note that, if this power is zero at the start of the race, despite the great force that he is 

applying to accelerate his body since the initial velocity is zero. This power tends to increase 

as a result of speed-up and tends to decrease as a result of reduction of the acceleration. 

As observed in the results for acceleration and in the variable power, it has also been found 

statistically significant difference (Z = 0.576; p = 0.034). 

 

CONCLUSION 

From the results of the speed curve in the 100 meter dash, held by the subjects, it was found 

to possess an acceleration phase that is characterized by 20 m of proof. 

From this point, you begin to experience loss of speed, thus characterizing a slowdown, which 

progressively increases until the finish line. It was also found that our athletes have 

differences in velocity curve 100 m, pointing smaller capacity acceleration and lower velocity 

resistance in these individuals, who start to suffer loss of speed of effects early, even before 

reaching half of the test. 

Regarding the performance of the athletes, the power point of view dissipated during the race, 

it was found out that, compared to the female group, the male group had a significantly higher 

performance. 
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ABSTRACT 

Orthoses development requires special attention from mechanical designers since it is directly 

linked with improving the users’ life quality. Camptocormia is a postural disease 

characterized by the antero-flexion of the trunk, which prevents patients from having a normal 

life. Consequently, a methodology that allows structured orthoses development was 

implemented during the design process of a new brace for the treatment of camptocormia. 

Keywords: mechanical design, product development, medical devices, orthoses. 

 

INTRODUCTION 

The development of new products is a difficult task demanding close collaboration between 

several different domains and stakeholders to satisfy user requirements at several different 

levels. Product development is strongly dependent on the conceptual stage, where the 

designer defines the functioning principles of the device based on the users’ requirements 

(Baxter 1995; Pahl et al. 2007; Ullman 2005). Although this conceptual design phase is 

important, only a few tools and methods are available at this stage compared with others such 

as the embodiment design or detailed design phase (Rios-Zapata et al. 2016; Tomiyama et al. 

2009; Wang et al. 2002). 

For medical devices, this lack of tools and methods is more evident due to the particularities 

of this domain. One of the most used medical devices are orthosis, which according to global 

market estimations, a revenue of 6.5 billion dollars will be expected in 2018 (according to 

ARC Industry), due to the aging of the population and daily accidents. Despite this 

indisputable evidence, orthotics development is based, in many cases, on the empirical 

knowledge of enterprises (mainly SMEs). In addition, this empirical knowledge does not fully 

cover important biomechanical and ergonomic knowledge and criteria during orthosis 

development. As it is a device that is placed in contact with the user’s body, it should take 

into account the human constraints and especially develop a user-centered design.  

Postural braces are an example of this kind of device, and independently of their purpose their 

development should consider mechanical and biomechanical criteria to obtain better adapted 

and more efficient devices.  

A postural disease that is shaking up the orthopedic community is camptocormia, also known 

as bent spine syndrome (Azher and Jankovic 2005; Cugy et al. 2013; Karbowski 1999; 

Rodrigues and Caldas 2010; de Sèze et al. 2014). Camptocormia is characterized by the 

antero-flexion of the trunk during the standing or walking gait positions, but is reversible 
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when the patient pushes the hips with the hands or uses a wall (Laroche and Cintas 2010a, 

2010b; Laroche 2011). There is no agreement on the origins of camptocormia due to the many 

possibilities such as muscular or neurological disorders (Finsterer and Strobl 2010). 

 

 

 

 

 

 

 

 

 

 

Fig. 1 - Typical camptocormic posture. 

 

Due to the many possible origins of camptocormia, one of the accepted treatments is based on 

the combined use of orthoses and physiotherapy (Cugy et al. 2013; Duarte et al. 2016; 

Pardessus et al. 2005; de Sèze and Creuzé 2009). The use of the brace to treat camptocormia 

involves the distraction of the device in order to redress the patient’s posture. To do this, 

functional biomechanical factors as well as ergonomic ones must be taken into account by all 

the stakeholders involved in product development (enterprise, mechanical designer and 

doctors). 

The purpose of the present work was to establish and apply a design structuring method 

during the conceptual design phase to develop a specific orthosis for the treatment of 

camptocormia. 

 

MATERIALS AND METHODS 

The brace used for treating camptocormia can be considered as a position fixed articular 

orthosis (PFAO), which means that during use it allows only one predefined position, defined 

according to the doctor’s recommendations. 

 

Orthosis main notions 

It is important to identify and distinguish the different orthosis components: references, 

supports and interaction components. These notions will be described in the following steps 

taking the camptocormia brace as an example. 

� References: the references are the body segments that are in direct contact with the 

orthoses, working as an anchor point. The purpose of the brace used for the treatment of 

camptocormia is to redress the trunk (place the trunk in the vertical position). As a brace, 

it has a region of interest on the surface between the hips and the thorax. In the 

camptocormia brace, these references are the pelvic region (hips) as an initial reference 

and the externum/ ribs as a terminal reference (Fig.2). 
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� Supports: the supports are the parts of the device that are in contact with the references 

and their main role is to connect the device to the body segment. In the specific case of 

the camptocormia brace, the supports are the pelvic and thoracic “rings” (Fig.2). 

 

� Interaction components: the interaction components allow the link between the notions 

described above. Two different types of interaction component can be distinguished, 

interface interaction components and articular interaction components: 

 

� Interface interaction components: between the references and supports there is a 

component that promotes contact between them. The main purpose of the interface 

interaction component is to promote the comfortable adaptation of the support to the 

body segment. In the specific case of the brace the interface interaction component is 

polyurethane foam to promote the adaptation between the support and the thorax. 

 

� Articular interaction components: these are components that promote the connection 

between two consecutive supports. As an articular orthosis between two consecutive 

supports, there is an articular mechanism which allows relative movement between 

them. In the case of the camptocormia brace, the articular interaction component 

allows verticality between the supports. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 - Orthosis main definitions. 

 

Life situations and significant moments 

The proposed methodology is based on the life situation (LS) and significant moments (SM) 

of the orthosis and divides orthosis utilization into several different instants and projects an 

adapted concept to the different usage stages (Nadeau and Pailhes 2007; Scaravetti et al. 

2005). 
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Fig. 3 - Generic life situation discrimination. 

 

Thus use of the brace can be divided into five different life situations (Fig.3): 

� Connection: this is the first life situation and concerns the connection between the device 

and the body, in this case, the connection between the brace and the trunk. Additionally, 

this life situation can be subdivided into three different significant moments: 

� Connection to the initial reference, 

� Mechanism deformation, 

� Connection to the terminal reference. 

� Adjustment: the adjustment life situation corresponds to the regulation of the orthosis 

mechanism in order to set it in a palliative position (position of the device that provides 

treatment). 

� Reference relaxation, 

� Minor adjustment. 

� Usage: the third life situation corresponds to the use of the device in a position that 

provides treatment. This life situation can be described as a palliative position of the 

orthosis once it allows for palliative care. 

� Release: this life situation is basically the opposite of the adjustment life situation, 

defined above. During this life situation, the user will release the adjustment previously 

set in order to come out of the palliative position. 

� Disconnection: during this life situation the user performs the disconnection between the 

orthosis and the body. 

� Disconnection from the terminal reference, 

� Mechanism deformation, 

� Disconnection from the initial reference. 

 

Database 

A database can be defined as an organized collection of information (data) about one specific 

domain. Databases are tools that are developed to organize and support processes requiring 

information in order to provide faster and more structured access (Berrington 2017).  

A tool based on the “Théorie des mécanismes” or TRESA (acronym for Tableau de 

Recherche Exhaustive de Solutions Articulaires) was developed in order to work as a 

kinematics and joint links database for the development of articular orthoses. This database 

provided an exhaustive evaluation of the kinematics chain of these mechanisms.  

Connection Adjustment Usage Release Disconnection 

Brace use 
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In TRESA, criteria such as number of solids, links, degrees of hyperstatism and nature of 

movement were considered. Additionally, through the TRESA database, several screening 

stages were defined in order to gradually reduce the possible number of concepts. 

One limitation of this database is the fact that the “Théorie des mécanismes” only considers 

rigid and non-deformable solids (Le Borzec and Lotterie 1975; Siestrunck 1973). This 

limitation means that TRESA can only be used to develop articular interaction components. 

In the same way, TRESI (acronym for Tableau de Recherche Exhaustive de Solutions 

d’Intéraction) was developed in order to feed the interface interaction components, and is 

composed of deformable links and materials. 

 

Articular interaction components development method 

The proposed structure for the development of articular interaction components for articular 

orthosis development consists of four distinct phases (Fig. 4) 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 - Articular interaction components development method. 

 

� First stage - research into the nature of the kinematics 

During this stage, research into the nature of the kinematics for the interaction 

components will be defined. The designer may chose the number of solids, joint links and 

kinematic chains according to the orthosis requirements.  

In the first stage, the connection and adjustment life situations have a relevance as it is in 

these life situations that the kinematics of the articular device start their role.  

Additionally, the doctor’s prescription giving the purpose of the orthosis should be 

considered to take into account the patient needs. Thus the doctor and the user are the 

main specifiers at this stage. 
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The purpose of the brace in the treatment of camptocormia is to redress the patient’s 

trunk, taking into account the trunk’s rotation (biomechanical information).  

As camptocormia is a disease that acts along the sagittal plane and the desired treatment 

is based on the redress effect of the trunk along that plane, the kinematic chain should 

enable the verticality of the trunk (Fig. 5). Thus in this case, only the links (rotations and 

translations) in the sagittal plane will be considered, according to norm NF EN ISO 3952-

1 (1995). The number of solids considered depends on the complexity and precision of 

the desired movement for the orthosis. For example, in this case a three-solid chain will 

be considered. 

 

Fig. 5 - First stage considerations. 

 

During this stage, solution links that consider translations, rotations and a combination of 

translations and rotations will be screened.  

 

� Second stage - user-specific limitations 

Camptocormia is a disease that acts along the sagittal plane, as previously stated, thus 

only the movements in that plane (xOy plane) may be considered (two translations and 

one rotation). 

During the second stage, the user’s specific limitations will be considered. This stage has 

a special impact on the second life situation, palliative adjustment, since it is during 

palliative adjustment that the patient actually acts on the mechanism.  

The patient’s physical characteristics and movement limitations will therefore have an 

influence and should be introduced into the solutions of the previous stage. This enables 

solutions to be screened. In this case the direction of the links will be considered. 
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Table 1 - Stage reduction options. 

 Translations Rotations 

First stage Tx, Ty, Tz Rx, Ry, Rz 

Second stage Tx, Ty Rz 

 

 

Transposing these findings to the camptocormia brace case it can be seen that the 

solutions with only a rotation or a translation are simpler and easier for the patient. Thus, 

as the vertical redress of the trunk is the desired movement, the Tx translation was 

deleted from the possible solutions resulting in only two mechanism options (Ty, Rz or 

Ty and Rz) (Fig.6). 

 

 

 

Fig. 6 - Links graph of possible solutions at the end of the second stage. 

 

 

Nevertheless, when the interaction between the patient and the mechanism is considered, 

there are ergonomic criteria that should be introduced. Through an ergonomic analysis 

and structuration, these ergonomic criteria should be based on biomechanics, emotional 

and cognitive principles (Fig.7). 

On that basis, it can be seen that wide and thin motricity, necessary efforts and the 

formation needed to use the mechanism have a relevant importance during the 

development of the orthosis in terms of ergonomic factors.  
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Fig. 7 - Ergonomic criteria for the articular interaction components. 

 

� Third stage - specific amplitude research 

The third stage corresponds to satisfaction of a medical constraint in order to provide the 

specific amplitude needed during the palliative adjustment phase. As stated before, 

palliative adjustment allows the user to adjust the mechanism to a desired position 

(position that promotes treatment).  

At this stage, the doctor should provide information about the amplitude of these 

adjustments based on each patient’s needs and tolerance to the redress. At the end of this 

stage, the mechanical designer will obtain a dimensioned kinematics scheme.  

Taking into account the camptocormia brace, an example will be considered of a 

camptocormia patient with a 50° antero-flexion of the trunk and an intervertebral distance 

in the redressed position between S1 and C7 of 45cm, which gives rise to a sagittal arrow 

of 54cm. 

Considering the possibility of total postural redress, the pre-dimensioning of the 

mechanism should consider a maximum pivot joint amplitude of ∆θ=50° or a maximum 

prismatic joint amplitude of ∆y=45cm. 

 

� Fourth stage - blocking research 

The last stage takes into account the blocking options for the previous concept solutions. 

The kinematic chain should be blocked to ensure that the orthosis can be used in a 

corrective position. On this basis, the life situation involved is palliative use. 

The number of links and how to block them are important issues during orthosis 

development. During this stage, enterprises’ competencies dictate the technological 

choice of concept. Thus, a structured diagram of blocking options is available at this 

stage (Fig.8). 
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Fig. 8 - Blocking options diagram. 

When considering the camptocormia brace, a classical blocking system was assumed by 

obstacle opposition in a double direction (total). Additionally, the solutions emerging 

from the second stage should be evaluated in order to analyze which should be blocked in 

order to block the entire system (Fig.9). 

 

Fig. 9 - Joints to block according to their links. 

 

At this point it can be seen that solution (a) only needs to block one link in order to block 

the entire system. In the other two cases, three joints have to be blocked in order to block 

the system. The decision should be taken by the enterprise. 

 

Interface interaction components development method 

When developing the interface interaction components, there are some notions that should be 

taken into account, such as the degree of hyperstatism and the kind of interface between the 

supports and the references. A four-stage structure was therefore developed using the 

information provided by the TRESA and TRESI databases (Fig.10). 

In the particular case of the orthosis, the degree of hyperstatism manifests itself through a 

feeling of local discomfort at the interface between the body and the orthosis. 
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Fig. 10 -.Interface interaction components development method. 

 

 

� First stage - degree of hyperstatism analysis 

During the first stage, the degree of hyperstatism in the chains will be evaluated as 

hypostatic, isostatic or hyperstatic according to the “Théorie des mécanismes”, following 

equations according to whether the case is 2D (eq.1) or 3D (eq.2): 

 

ℎ = 	
 +� +�� − 3�  (1) 

ℎ = 	
 +� +�� − 6�  (2)  

 

where ℎ is the degree of hyperstatism; 	
: the degree of linkage; �	���	 �� the useful 
and internal mobility respectively and � the number of solids. 

 

with,	� = 	� +��   (3) 

 

Analyzing the camptocormia brace case it is possible to evaluate the three possible 

solutions emerging from the second stage of the articular interaction components method. 
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        (a)                                                (b)                                                 (c) 

Fig. 11 -.Analysis of the degree of hyperstatism for solutions a, b and c. 
 

From the analysis of the degree of hyperstatism, it was possible to observe that there are 

three different degrees of hyperstatism, where the (a) solution represents the lower case 

of hyperstatism and the (b) solution the higher case (Fig.11).  

 

� Second stage - degree of hyperstatism control 

As stated before, the larger the degree of hyperstatism, the more difficult the movement 

of the mechanism chain and in the specific case of an orthosis this difficulty will have an 

impact on the human body, specifically regarding comfort. This means that, the greater 

the degree of hyperstatism, the greater the discomfort in the interface regions. 

Managing the degree of hyperstatism will also depend on the doctor’s specifications, thus 

in certain cases it could be useful to have a hyperstatic mechanism to give the system 

higher rigidity. 

In the case of the camptocormia brace, the purpose of the device requires a rigid but 

comfortable link between the body (references) and the mechanism (supports). Thus, the 

link between the body and the mechanism will be evaluated and the hypothesis of a 

clamped link will be abandoned. 

 

� Third stage - interface analysis 

The third stage involves analysis of the interface between the body and the support. 

According to the types of orthosis and the duration that the patient may use it, the 

interface between body and support may have different needs. For example, an arm, even 

over long periods of time (i.e. several months) does not change its morphology. However, 

the trunk may vary significantly over the course of several months, and consequently the 

interface between body and support should enable that adaptation. 

As previously, palliative usage is the most important life situation in current use of the 

orthosis, where the comfortable or uncomfortable interface will play its role and harm the 

patient, or otherwise. 

Considering that the camptocormia brace will be placed along the trunk, morphological 

changes in the thorax and especially the abdomen should be taken into account in order to 

define the interface material.  
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� Fourth stage - links evolution 

The last stage of the interface interaction components research is based on the possibility 

of evolution between the interface connections. This stage is intimately linked to the 

second stage of the method. However, in this case, the decision will be taken by the 

enterprise according to their technical options regarding deformable or indeformable 

links. 

Taking into account the camptocormia brace and the examples previously obtained, the 

options are shown in this diagram (Fig.12). 

 

                    (a)                                                (b)                                                 (c) 

Fig. 12 - Links evolution to promote a comfortable interface. 
 

At the end of this stage three solutions are proposed depending on the desired degree of 

hyperstatism and/or the technical realization. Solution (a) proposes an isostatic system 

where the interface between the body and the mechanism is considered as one. (b) and (c) 

propose a hyperstatic solution, however, by changing the interface between the body and 

the mechanism by deformable connections it is possible to reduce the degree of 

hyperstatism and consequently promote patient comfort.  

Additionally, the final decision will take into account the enterprise’s technical 

possibilities. 

 

DISCUSSION AND CONCLUSIONS 

The organization of the tasks and the different sources of information during the product 

development stages is a key factor in achieving effective devices in general and medical 

devices in particular. 

Orthosis development covers several different domains, such as medical, design and 

industrial, which are not fully integrated into orthosis development. 

In an orthosis there are two main components that should be taken into account during the 

development stage: the articular interaction components and the interface interaction 

components, which ensure correct orthosis adjustments and the contact with the body 

respectively. 

The design methodology presented in this study promotes the merging of the conceptual and 

the architectural design phases, which may also merge with the development of the articular 

interaction components and the interface interaction components. 
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This methodology was applied to the development of a medical brace for the treatment of 

camptocormia, where the main objective involves the redress of the patient’s trunk.  
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ABSTRACT 

This work presents the tensile test of a developed strain wearable sensor. With the help of an 

extensometer (Shimadzu Autograph IG-IS 500N) the wearable strain sensor was stretched at a 

velocity of 1 mm/min. The mechanical test performed allowed to prove that the strain 

wearable sensor has a stable and reproducible response over time. 

Keywords: wearable applications, fiber optic sensors, elongation sensor. 

 

INTRODUCTION 

An optical fiber sewed into a double wave shape on the top of an elastic textile enables the 

modulation of light amplitude with respect to strain on the textile (Lee 2003). This apparatus, 

in combination with small-size instrumentation, enables the development of a wearable textile 

garment capable of monitoring and acquiring strain data. The unique properties of optical 

fibers contribute to enhance the performance of strain sensors, making them capable of 

providing reliable solutions for those applications, where conventional sensors are not suitable 

(Grattan and Meggitt 2013). Glass optical fibers have some good properties, such as 

lightweight, small diameter and no threat of electrical risk (Li, Yang et al. 2012). The strain 

data can then be used to monitor sit posture during working day, providing useful information 

that enables back bone posture corrections, which will avoid back bone injuries (Dunne, 

Walsh et al. 2006). 

The strain wearable sensor was tested in extensometer Shimadzu Autograph IG-IS 500N. A 

velocity of 1 mm/min was used to stretch the sensor up to 50 mm. Two cycles at 1 Hz 

sampling rate were taken. With this approach, it was possible to control the elastic textile 

stretching length, and consequently evaluate the elongation measurements results from the 

optical fiber sensor.  

 

RESULTS AND CONCLUSIONS 

Fig. 1 shows the elongation profile from the strain wearable sensor at 1 mm/min. The output 

voltage from the sensor increased when the displacement increased, and it remained stable 

when the extensometer halted at the maximum displacement (50 mm). Reverse behavior is 

shown when the extensometer decreased the displacement from 50 mm to resting position. At 

this point, the sensor’s output voltage returns to its initial value. The little resting time at the 

maximum extension and resting point justify the curve shape. Similar behavior is presented in 

the second cycle. 
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Fig. 1 - Strain wearable sensor elongation profile at 1 mm/min.  

 

With the performed work, it is possible to prove that optical fibers can be embedded into 

wearable textiles as autonomous wearable devices in order to measure displacements induced 

by applied forces into the textiles. Further tests should be performed in order to analyze other 

mechanical properties, such as flexural properties. This preliminary results show a direct and 

consistent correlation between the sensor’s displacement and the output voltage sensed in the 

optical sensor. 
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ABSTRACT 

Drilling is one of the most common processes involved in machining operations. The usual 

requirement is the efficient material removal. However, when it comes to the living tissues, 

drilling assumes greater attention to ensure a minimally invasive procedure. This work 

describes conventional drilling experiments performed on solid rigid polyurethane foams with 

similar mechanical properties to the human bone. An extensive experimental study was 

conducted to evaluate the effects of different drill diameters (4, 5 and 6 mm) on the 

temperature rise and stresses generation during drilling process. Different experimental tests 

were performed to assess their repeatability. Results from the experiments suggest that both 

drilling temperatures and stress level increased with increase in the drill tool diameter. 

Keywords: polyurethane foam, drilling, drill diameter, temperature, stress, damage. 

 

INTRODUCTION 

Drilling is a mechanical process in which a drill bit revolving on its own axis that is called the 

drilling axis creates a cylindrical cavity in the material by applying axial load on the rotating 

drill. This mechanical action between the drill and that material affects the surface properties 

in different aspects (Shingh et al. 2016). It is a known fact that this process generates high 

mechanical efforts and high temperatures due to high contact friction between the drill bit and 

the material (Franssen et al. 2008; Bertollo et al 2010). An excessive increase in this values 

can endanger the integrity of the material and the quality of the process. Nevertheless, when 

the drilling concepts are applied on the living tissues, the precautions for a minimally 

aggressive technique requires augmented attention.  

Currently, bone drilling is increasingly demanded in various types of surgery operations. 

Every day around the world, drilling procedures are carried out in hospitals across most 

medical surgeries like orthopedic surgery, ear surgery, maxillofacial surgery, neurosurgery, 

and many others. Only in dentistry, more than 700,000 implants are inserted every year, 

increasing these numbers (Haswell 2009; Soriano et al. 2014). The postoperative success of 

this surgeries is largely dependent on the damage degree induced by the drilling process. It is 

known that the most common problems associated to the bone drilling are mechanical damage 

(Brett et al. 2004; Kendoff et al. 2007), heat generation (Augustin et al. 2008), crack 

formation (Alam et al. 2016), irregular surface topography of drilled walls and even bone 

necrosis (Singh et al. 2016). These damages may lead to failure of the joint and the implant. 



Topic-H: Biomechanical Applications 

 

 

-844- 

For instance, recent publications have indicated that the implant failure rate for thermal 

osteosynthesis of lower leg is 2.1%-7.1% (Augustin et al. 2008; Augustin et al. 2009; 

Augustin 2012). Therefore, the importance of reducing the bone damage risk is becoming 

clearer and it is visible in the large increase of recent published works (Fernandes et al. 2015; 

Fernandes et al 2016; Singh et al. 2016; Fernandes, Fonseca et al. 2017; Fernandes, Natal et 

al. 2017). 

Despite the efforts and the progress in the improvement of drilling processes, bone drilling 

continues to be undertaken by hand drills, which means a blind operation with unknown hole 

depth and a feed-rate manually controlled by the surgeon. The scientific developments in this 

area have shown some remarks on bone drilling processes, particularly as regards of the 

drilling parameters. For instance, in dental practice is recommended the use of irrigation 

during implant site preparation and the drill speed is recommended by the manufacturer of the 

implant system (Bogovič et al. 2016). However, the drilling force depends on the dentist 

sensitivity and experience. The drill bit diameter is, to a large extent, the only parameter that 

can be more or less chosen by the surgeon, according to the quality and quantity of the bone 

and the size of implant that is to be inserted. 

According to Pandey and Panda (2014), the drill diameter is highlighted as significant factor 

for heat generation than cutting speed and feed rate, because increase in surface contact area 

permits more frictional heat generation (Jamil et al. 2016). Frictional heat generation induces 

temperature gradients and thermal stresses in the bone and surrounding tissue. Therefore, it is 

critical to understand and explore appropriate drill diameters to minimize bone damage for 

safe and efficient bone cutting. 

Experimental, analytical and numerical studies have been used by many researches to study 

the influence of drill bit diameter (Sener 2009; Pandey and Panda 2014; Bogovič et al. 2015; 

Pandey and Panda 2015; Bogovič et al. 2016). However, most of the published work accounts 

only the effect on the heat generation. There is a lack of information with regard to the strain 

and thermal stresses distribution during bone drilling. Even about the thermal damage, there 

still remains a lack of consensus in the literature regarding critical temperature values and 

their durations (Bertollo N and Walsh 2011).  

The main focus of the present study is to contribute in the reduction of the mechanical and 

thermal damage during bone drilling procedures. Therefore, the goal was to measure the 

influence of drill bit diameter, relative to the known influence of drill speed and feed-rate on 

the heat and stress generation during drilling. An experimental procedure was conducted on 

solid rigid polyurethane foam materials as an alternative for human bone. The foams were 

instrumented with strain gauges to measure the level of strains on the surface during the 

drilling process. Simultaneous, the temperature distribution inside of the foam and on the 

external surface of the drill bit was measured with thermocouples and thermography 

equipment. 

The findings of this study complement the previous researches developed by the authors of 

this work (Fernandes, Fonseca et al. 2015; Fernandes, Fonseca and Jorge 2015; Fernandes, 

Fonseca and Natal, 2016; Fernandes, et al. 2016; Fernandes, Fonseca and Jorge 2017; 

Fernandes, Natal et al. 2017; Lopes, Fernandes et al. 2017). The used experimental 

methodologies to analyse the effect of drill bit diameter are an important contribution in the 

improvement of drilling processes and in the development of numerical models. 
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EXPERIMENTAL TESTS  

Bone model 

The workpiece used in this study was polyurethane foam, as an artificial bone block (from 

Sawbones, Pacific Research Laboratories, Inc., Vashon. WA, USA) used as an alternative 

material to cortical bone due its consistent and homogeneous structural properties (Kim et al. 

2012; Liu et al. 2016). These blocks are approved by the American Society for Testing and 

Materials and are recognized as a standard material for testing orthopaedic devices and 

instruments, making them ideal to replace human bone in the drilling tests. The sample was 

supplied in rectangular shape with the dimension of 130x180x40 mm and the material has a 

closed cell with density of 0.80 g/cm
3
. 

Methodologies and equipment 

In order to study the influence of different drill bit diameters in the temperature and stress 

generation during drilling, two different measurement systems were applied. In the first one, a 

set of linear strain gauges (1-LY18-6/120, 120Ω ± 0.35% from HBM) were installed on the 

surface of the foam block to measure the level of strains during the drilling. The surface of 

block was properly clean and the locations of the holes were marked to keep a distance of 3.5 

mm, between the edge of the hole and the strain gauge (Fig. 1). The strain gauges were 

properly connected to the quarter bridge in a data acquisition system (Vishay Micro 

Measurements P3 Strain Indicator and Recorder), which made it possible to read the strains 

on different material positions along the time, for each used twist drill diameter (4, 5 and 6 

mm). 

 

  

Fig. 1 - Location of the linear strain gauges  

 

The other system consists in the use of one K-type thermocouple to measure the bone block 

temperature and a thermal camera to measure the drill bit surface temperature. The 

thermocouple was inserted into a hole (Ø2 mm and 4 mm in depth) and placed at distance of 2 

mm from the edge of drilling track (Fig 3 (a)). By using a data logging thermometer (Extech 

SDL200: 4-Channel Datalogging Thermometer) the temperature monitoring inside of bone 

block was performed during machining process.  

A factory-calibrated Thermal Imaging Camera (ThermaCAM 365, FLIR Systems) was rigidly 

fixed to a tripod at distance of 1.5 m from the drilling zone and allowed to record two thermal 
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images for each drilling event. The first image was taken of the site immediately prior to the 

beginning of drilling. A second image was taken at the point where the drill bit penetrated the 

30 mm of depth. The thermal images were analysed using an appropriate software (FLIR 

QuickReport Software, FLIR Systems). 

Experimental setup and drilling parameters  

The experimental trials have been designed to analyse the influence of different drill bit 

diameters on the heat and stresses generation during drilling. For this purpose, three different 

drill diameters (4, 5 and 6 mm) were selected. All drills used in these experiments were 

conventional twist drill bits (stainless steel) with point angles equal to 118º and helix angles 

of 30º (Fig. 2). A drilling depth of 30 mm was set for each diameter. 

 

 

Fig. 2 - Drill bit diameters used in this study: (a) 4 mm, (b) 5 mm and (c) 6 mm. 

 

The remaining drilling parameters were chosen based on our previous studies, where it was 

concluded that the higher feed-rate and lesser drill speed lead to a decrease in temperature and 

stresses on bone tissue (Fernandes, Fonseca et al. 2015; Fernandes, Fonseca and Jorge 2017). 

Thus, the drill speed was kept at 600 rpm and the feed-rate was 1.25 mm/s (equal to 75 

mm/min) with perforations of 30 mm depth. The processing parameters are summarized in 

Table 1.  

 
Table 1 - Working conditions 

Diameter drill head (mm) 4, 5 and 6 

Point angle (º) 118 

Helix angle (º) 30 

Drill speed, n (rpm) 600  

Feed-rate, f (mm/s) 1.25 

Hole depth (mm) 30 

Cooling system No coolant 

Machine-tool CNC controller 

  

 

All drilling tests were performed in Mechanical Laboratory at Polytechnic Institute of 

Bragança using a computer numerically controlled machine system. Experiments were 

performed at room temperature without any cooling method. The overview of the 

experimental setup used in this study is shown in Fig. 3 (b). 
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Fig. 3 - (a) Scheme of the block sample during the drilling process and (b) general experimental setup 

 

 

RESULTS AND DISCUSSION  

Measured strains and stress calculation 

Strain measurements were taken continuously during each step of the drilling until the drill bit 

reached the 30 mm of depth. The strain measurements were recorded and the mean values 

were evaluated for each strain gauge based on the different drill bit diameters. Fig. 4 shows 

the typical curves of strain versus hole depth measurements. 

 

 

Fig. 4 - Variation of strains vs. hole depth according to the different drill diameters 

 

Results showed that all drill bit diameters presenting similar trends of strain vs. hole depth 

curves. The generated strains in the bone block increased with tool penetration, reaching a 

maximum value when the drill bit penetrated completely the hole. It can therefore be 

concluded that the greater of the drilled hole depth produces high strain values generated in 

the block. 

After analysing the profile of strain vs. hole depth from the block surface, it is also important 

to analyse the generated stress according each drill diameter. The stresses were calculated 

using the Hooke law equation, considering the Young modulus equal to 0.987 GPa. The 

mechanical properties of the bone block were obtained from the uniaxial tensile tests and have 

been comprehensively defined in our previous studies (Fernandes et al. 2015). Fig. 5 presents 

the calculated average of the maximum stress for all experiments. 
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Fig. 5 - Maximum stresses (MPa) according to the drill diameters. 

 

Fig. 5 shows the effect of drill bit diameter on the average maximum stress. It can be 

concluded from the polynomial trendline (order 2) that smaller drill diameter at constant feed-

rate (1.25 mm/s) and drill speed (600 rpm) leads to a decrease in the stresses generation in 

bone block during drilling. Comparing the levels of stress, it was observed that when the drill 

diameter was increased from 4 to 5 mm the stress increased by 31.61% and when the drill 

diameter was increased from 5 mm to 6 mm the stress increased by 11.88%. With the R-

squared = 1 is guaranteed a good approximation for any drill bit diameter in the observation 

range. 

Measured temperatures 

The recorded temperatures inside of bone block and drill bit surface are given under this 

section. As regards the heat generated inside of bone block, temperature measurements were 

also taken continuously during each step of the drilling procedure and for 56 s afterwards. 

This time allowed stabilization of any temperature fluctuations caused by the drilling process. 

The Fig. 6 represents the temperatures obtained over time for three holes in the bone block, 

considering the three different drill diameters. 

 

 

Fig. 6 - Bone block temperature vs. drilling time, according to the different drill bit diameters 
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It can be observed from Fig.6 that the maximum temperature decreases with the decreasing of 

drill bit diameter. Maximum temperature of 58.9 ⁰C is found at drill diameter of 6 mm for a 

constant drill speed of 600 rpm, and a feed-rate equal to 1.25 mm/s. It is known that high 

temperatures on the living tissue causes damage and even cell death. It has been shown that 

heating above 55°C for a period longer than 30 seconds causes irreversible change to the 

physical bone properties (Hillery and Shuaib 1999). However, an effect not simulated by the 

current experimental setup is the moderating thermal effect of blood flow, where blood 

perfusion tends to lower the locally elevated temperature. Based on the thermal histories, it 

was found that all curves show a similar trend with time; first an increase in time, reaching a 

peak (maximum) value, and then a slow decay. 

The maximum values average of bone block temperature for all test were also calculated, as 

well as, the temperature variation on the external surface of drill bit. In the Fig. 6, graph (a) 

represents the mean values of maximum generated temperature inside of bone block and 

graph (b) represents the recorded temperature variation (∆T) on the drill bit surface. The ∆T 

was calculated and compared, subtracting to the recorded temperature, the initial temperature 

of the drill bit. 

(a) (b) 

  
Fig. 7 - Recorded temperatures: (a) inside of bone block and (b) temperature variation on drill bit 

 

In terms of recorded temperatures, it was also noted that the higher drill diameter leads to an 

increase of the drilling temperatures on the bone block and drill bit, following the same trend 

of the stresses analysed before.  

In Fig. 7(a), bone block temperature increased 17.53% with increased drill diameter from 4 to 

5 mm and when the drill diameter was increased from 5 to 6 mm the bone block temperature 

increased by 24.89%.  

In Fig. 7(b), ∆T increased 12.13% with increased drill diameter from 4 to 5 mm and 2.19% 

with increased drill diameter from 5 to 6 mm. 

Also in this case, an order 2 polynomial trendline illustrate a good relationship between the 

drill bit diameter and the recorded temperatures obtained from the tests. The same trend can 

be found in others studies using bovine and porcine bones (Bogovič et al. 2015; Gupta and 

Pandey 2016). 

 

CONCLUSIONS  

Thermal and mechanical damage can significantly affect the bone tissue and compromise the 

success of the drilling surgeries. It is important the development of methodologies that 
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analyse not only the thermal effects but also the strains and generated stresses during bone 

drilling. This paper presents an experimental methodology that includes strains, stresses and 

temperatures determination during the bone machining process, using different drill bit 

diameters.  

The findings of the study can be summarized as follows: 

- the strains and stresses increase with the tool penetration and, consequently, with 

increasing of hole depth; 

- the maximum values of stresses are found for the higher drill bit diameter; 

- an increase in drill bit diameter increases the contact surface between the tool and the 

material, which leads to a higher energy input for cutting the material and, 

consequently, an increase of heat generated on the bone block and drill bit. 

The topics dealt in this study bring an important role to help in the safety enhancement and 

quality of the drilling surgeries and support the specialists or surgery robot systems to their 

automated assist solution.  
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ABSTRACT 

This work focuses on the upgrading of biomaterials, including propolis and camphor, for 

incorporation into a formulation of Distilled Fatty Acids (DFA), soybean oil, palm oil. 

Subjected to oleochemical analysis and spectral methods, these oils have given convincing 

results in accordance with international standards. The good quality of these oils encouraged 

us to the Topical Antiseptic Formulations (TAF), respectively based on propolis and camphor, 

responding favorably to tests of homogeneity and pH. Their antimicrobial activity reacted 

positively on the tested microbial strains, found to be highly active on Gram
+
 and not very 

active in Gram
-
. Note that the TAF based on camphor has a better activity than based on 

propolis. 

Keywords: antiseptic cream, propolis, camphor, distilled fatty acids.  

 

INTRODUCTION 

Besides to their use as food, Fatty Substances (FS) find particular interest in the technical 

field, natural substances such as bioactive molecules derived from plants are currently a 

particular interest for their multiple biological activities (Antibacterial and antioxidant), so 

appreciated by pharmacy and cosmetics  (MaanBahadur R.2010). Currently, vegetables FS 

are available for cosmetic formulations. Their surfactant properties, biodegradability and 

unsaponifiables are preferred for TAF (Siaka K., 2000). Until now these materials have been 

very little exploited, which justifies the interest of the present work. 

 

RESULTS AND CONCLUSIONS 

The Lipid Content origin (LC) is from the refinery at the distillation stage of CEVITAL Fatty 

Acids (FA) sis in Bejaia (Algeria). This LC was subjected to ISO oleochemical standard analysis 

carried in the Research Laboratory of the Sciences Faculty (RLSF) M'Hamed Bougera Boumerdes 

University (UMBB) (Algeria). They relate mainly to the determination of following indices: acid 

(0.2), refraction at 20 ° C. (1.451), peroxide (4), saponification (194), and iodine (34), Density at 20 

° C (0.920) for palm oil and soybean oil DFA, these indices are: acid (0.45), refraction at 20 ° C 

(1.468), Peroxide (5.2), saponification (191), and iodine (132), the density at 20 ° C. (0.920). These 

results note a clear fluidity. This specificity makes it an excellent lubricant (Boha diener, 2001), 

considerably extending its use. 



Topic-H: Biomechanical Applications 

 

 

-854- 

- The chromatogram notes a striking absence of light fatty acid (C <12) and odd carbon fatty 

chains. These latter’s are preferential elements of the bacteria from which they derive their food 

substrate (Sudan 1965), which confers microbial virginity on our LC. On the other hand, 

polyunsaturated, mono-unsaturated and saturated palm fatty acids oil are found in varying 

proportions. And a number of carbons ranging from 6 (caproic acid C6: 0) to 22 (behenic acid C22: 

0). Noted cis oleate (C18: 1 n7) and cis oleate (C18: 1 n9) were detected. Also, literature tells us that 

in plants, C18 FA are the most common forms and precise their emulsifying and biodegradable 

properties. This distinctive part offers them an appreciable spectrum in industrial applications, 

where they are used either as an excipient or as a source of active substance, favoring their interest 

for industrial purposes, where surfactants are in great demand (Joey, CV Geode, 2003).   

- The spectrogram (FT-IR), suggest for the most significant absorption bands: 

Absorption bands at 3007.94 cm 
-1

 and 3008.98 cm 
-1

 are attributed to vibrations -CH2 

characteristic of fatty acids. An absorption band in the vicinity of 1376.95 cm 
-1

 and 1377.46 cm 
-1
 

corresponds to the vibration C-H (CH3), attributed to the aliphatic chains of fatty acids on glycerol. 

-A band in the vicinity of 720 cm
-1

 corresponds to the vibration (CH2) n with n≥4 characteristic of 

an aliphatic chain of the fat. The expected results of LC, encouraged us to formulate two TAF: one 

based on propolis and the other based on camphor. (Didouche Y. F., 2012). The synthesis of TAF 

requires an LC and fatty alcohols,  auxiliary products for the emulsion stabilization and for 

antisepsis: propolis and camphor. Both TFA were subjected to macroscopic tests, homogeneity 

with a pH check, (Sanogo R 2006). The results were convincing. For antimicrobial activity of our 

TAF, we used the method of diffusion in agar medium (the aromatogram) using sterile disks. 
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ABSTRACT 

Settled uneaten feed causes the most intense impact in the breeding places and the decanting 

speed of the feed pellets is a key parameter for waste dispersion models. Although some data 

on the physical properties of feed pellets have been published in the context of tilapia 

farming, there is a complete lack of relative information in livestock areas with respect to 

typical values of Temperature, salinity and com. In this study we try to fill this lack, 

determining, bulk density, floatability, water stability, surface and granulometry. Our results 

are partly different from previous ones and could play a role in the assessment and modelling 

of the environmental impact of Tilapia aquaculture.  

Keywords: pellet, tilapia, raising, physical properties, surface, granulometry. 

 

INTRODUCTION 

Intensive aquaculture generates considerable quantities of waste, including both particulate 

uneaten feed, fish faeces and soluble excretory products. Settled uneaten feed pellets are 

assumed to be the primary cause of ecological impact on the all community (Beveridge et al., 

1991; Vezzulli et al., 2003). Studies regarding the physical characteristics of the food pellets 

involved in seawater (Findlay & Watling, 1994; Chen et al., 1999a) and freshwater (Elberizon 

& Kelly, 1998) fish farming systems have been previously published but there is a complete 

lack of information regarding the characteristics of the feed employed in the rearing of 

freshwater species. 

In this paper we present data of dimensions, water adsorption properties, floating times, 

surface and granulometry of a typical growing sequence involved in tilapia (Oreochromis 

Niloticus). The experiments reproduce typical Mediterranean water conditions, generally 

characterized by high salinity and high temperature values. The present work constitutes part 

of a project aimed to the development of pellet characterization dispersion model for 

freshwater. 

According to the results obtained, the dominance of the white color is noted, and the most 

widespread fraction in terms of granulometry is between 0.6 and 1 mm. Furthermore, the heat 

treatment denatures the food formulas above 70 ° C., The density not exceeding 0.6 g / ml and 

the structure analyzed by scanning electron microscopy revealed heterogeneity of the 

formulas and their richness in micronutrients. 
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RESULTS AND CONCLUSIONS 
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Fig 1 - Color index, bulk density and granulometry of diets formulation. 
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Fig  2 - Insolubility and heat traitement of diets formulation. 
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Fig  3 - Scanning electron microscopy of diets formulation 
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ABSTRACT 

There are different methods for stabilising soil slopes like using nailing and end anchors. The 
main focus of this paper is to study the effect of nailing and end anchors on the factor of 
safety for stability of slopes by using limit equilibrium analysis and to study effective 
parameters. Stability of various soil slopes was analysed using SLIDE V 6.0 software and was 
verified by comparing the results with previous analytical works. 192 numerical model were 
presented and results showed the effect of soil cohesion, internal friction, volume weight and 
soil support type on the factor of safety in static and seismic analysis using Limit equilibrium 
method. 

Keywords: soil nail, end anchor, safety factor, SLIDE. 

 

INTRODUCTION 

A diverse range of methods have been proposed for analyzing the stability of nail-reinforced 
slopes, including the limit equilibrium method, the finite-element method, and the kinematics 
method. Based on the different hypotheses for slope failure surface and/or the soil-nail 
interaction model, soil nail behavior was analyzed and the design was optimized with respect 
to various parameters, including length, spacing, inclination, diameter and geometric 
arrangements. 

The slope stability analyses are conventionally assessed using Limit Equilibrium Methods 
(LEM) (Cheng et al., 2007). The reinforcement effect and mechanism for soil nailing in 
slopes was investigated via observations of the strain-stress performance of nails, the safety 
level of soil nail wall, and the soil-nail interaction. The aseismic nail-reinforcement 
mechanism was demonstrated by comparing the deformation between reinforced and 
unreinforced slopes via centrifuge model tests under earthquake conditions and 1g shaking 
table tests (Tatsuoka et al., 2012). 

The failure of nails was recognized as a combination of pull-out failure and bend deformation. 
The loading conditions were shown to have a significant effect on slope deformation and nail 
deflection (Zhang et al., 2014). To study the effect of soil support types on the factor of safety 
for stability of slopes, 192 numerical models were presented and the effect of soil cohesion, 
internal friction, volume weight on two type of supports i.e. soil nail and end anchor were 
investigated.  

The safety factor of main model of slope has been achieved by (Kamari et al. in 2006) with 
analytical solution and results showed the value of 2 as an exact response. In this paper, the 
model was analysed by limit equilibrium method and safety factor (F.S.) of slope was 
obtained as 1.972 that has been showed in Fig. 1.   
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RESULTS AND CONCLUSIONS 

As shown in Fig. 2, this study aimed to demonstrate the variation of safety factor of soil slope 
reinforced with two support type by soil parameters (volumetric weight g, cohesion C and 
internal friction f). 

 

 
Fig. 1 - Safety factor of slope stabilized by grouted tieback with friction  

 

 
Fig. 2 - variation of F.S. by g in soil nail and end anchor 
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ABSTRACT 

Studies of welded joints using classical mechanics and calculus must be employed by welding 
engineers to establish the dimensions of bead-welds and to set load thresholds that can be 
applied for connecting structural elements. In analytical models, one normally considers an 
acceptable kinematics hypothesis for a problem and obtains the formulation that permits the 
calculation of stress for the given case. If necessary, one then analyses the stress state 
established at the point of interest, normally where the value is maximal. This paper develops 
a mechanical- and calculus-based formulation for the design and verification of weld lines on 
joints of perpendicular plates subjected to shear stresses due to torque. The results obtained 
are compared with mathematical modelling by the finite element method (FEM) to evaluate 
the distribution of shear stress. In comparison with FEM, it was possible to conclude that the 
analytical solution developed in this work is a formulation appropriate for the design and 
verification of bead-weld in T-joints of a rectangular plate. 

Keywords: T-joint, shearing, bead-weld, structural design, computational modelling. 

 

INTRODUCTION 

Usually, the development of a mathematical solution for practical engineering problems starts 
with the establishment of an admissible kinematic for the problem. Although these solutions 
intrinsically utilize simplifying assumptions, they are still quite suitable for a relatively large 
range of applications. In this context, the design and verification of welded T-joints composed 
of perpendicular plates subjected to a torsional moment can be accomplished by an 
understanding of the shear stresses on the bead-weld weld. See Chen (2005) for an example.  

According to Ivan et al. (2008) of the American Institute of Steel Construction (AISC), in 
many cases, eccentrically loaded joint configurations are unavoidable, creating more complex 
stress conditions in the joint than concentrically loaded joints, where the welds are generally 
subject to shear in only one direction. Considering this, a suitable method was developed in 
this work for calculating the properties of the joints of plates welded perpendicularly, 
providing a formulation that directly considers the shear stress induced by torque at the joint. 
The necessary relationships for calculating the shear stresses related to torque acting with the 
polar moment of inertia are defined, taking into account the basic dimension of the weld line 
and the thickness of the plates to be united. 

Taking into account the statements made by AISC, as mentioned by Cynthia (2004), and in 
order to evaluate the formulation development in this work, computer modelling was 
performed, seeking to address the problems encountered when joints and plates are welded 
perpendicularly nd subjected to torque. This was accomplished using the deformable solids 
theory, assessing the stress distribution in the base section of the weld line. 
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ANALYTICAL DEVELOPMENT 

Take the union shown in Fig. 1 consisting of a base plate, “B”, and the vertical plate to be 
welded, “A”. The dimension of the weld line is designated in the plant by a and the thickness 
of the vertical plate by t. M is the torsional moment that requires a connection. 

 

  
Fig. 1 - T-joint references 

 
When the connection is required by the moment acting on its own plane, it is possible to 
consider that the distribution of the shearing stress obeys the known law arising from the 
resistance of materials given in Eq. (1). There, M is the torsional moment acting on the 
system, ρ(z) is the generic distance in relation to the centre of the joint, dependent on variable 
z, and J is the polar moment of inertia to be determined as described below. This implies that 
it should be considered that the weld is circumscriptive in a circle of different radius, 
according the polar distance varies, which is a good approximation because the stresses 
induced are shearing stress, given by each position in the weld line given by ordinate z. 
 

( )
( )

M z
z

J

ρ
τ =  (1) 

 
Take an elementary area dA, as shown in Figure 2, given by dA = a`dz, where a` is equal to a, 
which is the width of the bead weld. This assumption is a formalism that just arises because 
theoretically the stress obtained is perpendicular to the lever arm in relation to the centre. The 
stress decomposition in the weld direction can be found for the element of area a` as 
posteriorly for the vector shear stress (Fifure 2). 

The distance from the centre of the connection is obtained by the hypotenuse of the right 
triangle, as indicated in Figure 2 and Eq. (1)(1). 
 

( )2
2 2( ) 2
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Fig. 2 - T-joint references for analytical development 

 
Conceptually, the polar moment of inertia is the integral over the area of the polar distance to 
the square, obtained in accordance with Eq.(3): 

2( ) .
A

J z dAρ= ∫  (3) 

Substituting Eq. (2) into Eq.(3), with the integration limits appropriate to the problem, one 
finds 

( )
/2 2

2

0 /2

.2

a L

L

tJ z dadz
+

−

 = +  ∫ ∫  (4) 

Solving the above integral, one finds Eq.(5), which provides a way to calculate the polar 
moment of inertia to take into account the dimension of the weld and the thickness of the 
vertical plate:  

2 3

2
.

1 1

4 1
at LJ aL+=  (5) 

Replacing the polar moment of inertia obtained from Eq. (5) in Eq.(1), Eq. (6) is found, which 
is the equation for the shear variation stress on the weld bead. 

 

( ) ( )
2 3

.
1 1

4 12
at

z
L L

z

a

M ρ
τ

+
=  

(6) 

To consider just the component aligned to the weld line, it is necessary to decompose the 
previous resultant, as indicated in Eq.(7):  

( ) ( ) ( )
2 31 1

4 12

sin ( ) ,
at L aL

M z
z z

ρ
τ θ

+
=  

(7) 

where 

( )

2

arctan .
z

z
t

θ

 
 

=  
 
 

 (8) 
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a t/2
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Knowing that the distribution of stresses requires that the maximum stress occur at the end of 
the weld, a value for it can be approximated, assuming an initial simplification to ρmax equal to 
L/2, and the equation of maximum shear stress can be written in the form of Eq.(9): 
 
 

( ) ( )2 2

max
2 3

2 2
.

1 1

4 12
at L aL

t LM
τ

 

+

+  =  (9) 

 
In the direction of the bead weld, it is necessary to decompose the shear stress vector 
according to the sine of the opening for that position, so the previous equation becomes 
Eq.(19): 
 

( ) ( )
( )

2

max
3

2

2

2 2
sin ( / 2) .

1 1

4 12
at L a

t LM
L

L
τ θ

 +  

+
=  (10) 

 
It is important to keep in mind that in the case of dimensioning, the maximum shear stress 
should be calculated relative to the lower weld line area, which lies on the bisector of the right 
angle, so Eq.(9) and Eq. (10) must take into account the cosine of the 45° angle; then: 
 
 

( ) ( )
2 3

2 2

max 1 1
cos( / 4)

4 1

2

2

2
t LM

at L aL
τ

π

 +  
 + 
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( ) ( ) ( )

2
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2 3

2

1

sin ( / 2)2 2
.

1
cos( / 4)

4 12

t LM L

at L aL π

θ
τ

 

 +  

+

=


 

 (11) 

 
In addition to checking the horizontal shear stress, Expressions (9) and (10) can be used for 
the design of the base a of the bead weld, taking it in function of the thickness of the vertical 
plate. To do this, Eqs. (11) must be put in the polynomial form shown in Eqs.(12. 
 

( )
( )

( )

1/22

1 22

2

3
3

admL L

t L
a t M

tτ

+

+
=  and ( )

( ) ( )( )
( )

/

2 22

1 22 2 sin / 2
3 .

3admL

t L
M

L

L
a t

tτ

θ

+

+
=  (12) 

 
where τadm is the admissible tension that can be applied to the weld, which can be provided by 
consulting, for example, the Structural Welding Code - Steel [American Welding Society  
(AWS) Specifications] or recommendations from Eurocode 3 (Structural Steel Design).  

 

COSNTRUCTION OF THE MODELLING BY THE FINITE ELEMENT METHOD 

It is interesting initially to mention that the finite element method (FEM) includes the 
classical mechanics designated for continuum mechanics and follows the behaviour of bodies 
according to the theory of deformable solids. It should be noted that the FEM is an original 
contribution of engineering structures, which reassembles the findings of studies by Argyris, 
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in 1954; Turner, Clough, Martin and Topp, in 1956; and Clough, in 1960, among others that 
used the principle of virtual work. FEM is a discretization technique used to interpret 
continuous systems and their numerical approximations from differential equations. FEMs 
have roots in the trial functions used in the variational methods of Rayleigh (1870) and Ritz 
(1909) and the residual weighted methods of Galerkin (1915), affirms Brasil (1995). 
Traditional references to FEM are provided by Klaus (1996), Robert (2004), and Miguel 
(2011). 

For the area of welding, modelling by FEM has been used to analyse problems related to 
several aspects. Khiabani and Sadrnejad (2009) used it to study residual stresses in the cold 
bending and welding of thick plates. Chen, Hashemzadeh, Garbatov, et al. (2015) employed 
finite element analysis to determine the residual stress distribution and the distortion field in 
butt and fillet plates. Most recently, Zain-ul-abdein and Nélias (2016) used FEM to calculate 
and compare the bulk material properties with those of experimental findings and to 
characterize the effect of grain size on the stress state of material in a welded aluminium joint. 

A mathematical model based on FEM was built in Ansys Academic Version 17.0, a 
commercial software package. The model was computationally elaborated reproducing the 
dimensions of the connection described in this study, allowing to analysis the variation of 
shear stress in the weld section. For this purpose, the study used data employed in 
mathematical simulations, considering the base of the weld to be 12 mm and its length 
100 mm and the thickness of the vertical plate to be 12 mm, represented by 3D solid 
elements. The computational model and principal references as well the discretization of the 
model are included in Fig. 3.  

 

 
(a) 3D solid element 

 
(b) Discretization of the model 

Fig. 3 - Modelling of the connection by FEM 
 

 
The torsional effort was applied in the form distributed to minimize the effects of the 
concentration of effort at the upper position of the vertical plate (Figure 4- in red) and the 
horizontal plate was restrained in the whole of the lower plane (Figure 4- in blue). 
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(a) Effort application plane  

 
(b) Model restrained position 

Fig. 4 - Moment position application and restraint 
 

The deformation of the welded joint, with the configuration of the system observed after 
application of loading, can be seen in Fifure 5. After computer processing, the results reveal 
the appearance of shear stresses in the weld line section. The shear stresses are present in the 
horizontal direction, with the maximum values occurring at the farthest point in relation to the 
centre. However, a meticulous study of the state of stress induced in the weld joint as well the 
influence of modelling parameters can be performed in a future analysis.  

 

 
(a) Frontal view 

 
(b) Top view 

Fig. 5 - Deformation of the model by FEM 
 
 
RESULTS AND DISCUSSION 

Considering a weld length L = 100 mm and thickness of vertical plate t = 12 mm, in Figure 6 
it is possible to see the trend of the variation of the polar distance of inertia given by Eq.(2). 
The shear stress behaviours given by Eqs. (6) and (7), all of them along the length of the bead 
weld, are shown inFigure 7. 
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Fig. 6 - Polar moment of inertia along the weld for L = 100 mm 

 
With Fig. 7 it, it is possible to observe that since Eq. (6) depends on the polar distance, which 
is always positive, the values obtained from that equation are always positive too (black line). 
Otherwise, when the sine of the angle is introduced in the same equation, giving Eq. (7), the 
results obtained assume as many positive as negative values (blue line). However, if the 
modulus of Eq. (7) is considered, only positive values are found (red line). A special point of 
interest is the case of the minimum value in comparison with these two equations. The 
minimum value that appears using Eq. (6) is not zero (the black line), since the thickness of 
the vertical plate is considered in the solution, which is in accordance with the result obtained 
by FEM. When using Eq. (7), this does not occur because the angle formed at the position of 
the minimum value is zero, and therefore the stress at the referred point is zero too (blue and 
red lines). For more clarity, below, on the right side, the curves of Eqs. (6) and (7) are plotted. 

 

 
Fig. 7 - Variation of the shear stress along the weld. 

 
With the aim of improving the evaluation, it is important to emphasize that Eqs. (6) and (7) 
make it possible to perform some numerical simulations of importance for engineering 
welding, allowing the influence of the thickness of the vertical plate and torsional moment on 
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the dimensions of the weld to be studied. In the first case, the dimension a of the weld base is 
obtained in function of the thickness of the vertical plate to be welded [Eqs. (12)-(a1, a2)]. 
The relation between a and t can be seen in the graph of Fig. 8, which shows the reduction of 
the minimum dimension of the weld line with increasing thickness of the element to be 
connected. In this simulation, an arbitrary and constant torsional moment equal to 5 kNm, 
which was used for the computational modelling too, was considered. The result was 
produced taking into account the admissible stress of 253.317 MPa, calculated in accordance 
with the AISC Specification. 

A second simulation made it possible to evaluate the variation of the basic dimension a of the 
thread weld with the demanded effort. For that, a was formulated in function to the torsional 
moment, keeping the plate thickness unchanged, admitted as 12 mm. The results can be seen 
in the graph in Fig. 9, in which is possible to observe a typical linear increase in the 
dimension a of the weld with the torque. It is evident that when the moment is bigger, a 
vertical plate of greater thickness will be necessary and then the dimension a will increase 
too. 

 
Fig. 8 - Variation of the bead weld with the thickness of the vertical plate - Eq.(12). 

. 

 
Fig. 9 - Dimension a of the thread weld with the demanded effort. 

0 100 200 300 400 500
0

2

4

6

a1 t( )

mm

a2 t( )

mm

t

mm

0 20 40 60 80 100
0

30

60

90

120

a M( )

mm

M

kN m⋅



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
 
 

-869- 

Both of the previous graphs can be used together forming an Abacus in order to perform weld 
design, supporting practical problems in engineering. 

The model devised to computationally analyse the joint described in this study takes into 
account the variation of shear stress in the weld section, and was elaborate with the goal of 
faithfully reproducing the dimensions of the connection. For this purpose, data employed in 
mathematical simulations were used, considering the base of the weld and the thickness of the 
vertical plate where the torsional moment occurs. The result found by FEM can be seen in 
Figure 10. 

 

 
Fig. 10 - Result found by FEM 

 

Table 1 compares the results found by the analytical solutions proposed in this work and the 
modelling by FEM. 

 

Table 1 - Tension results of maximum shear 

Method Maximum values  
(× 108 Pa) 

Minimum values 
(× 107 Pa) 

Difference in maximum values 
(%) 

Analytical Eq. (9) 2.414 2.876 Eqs. (9) and (10) 0.717 

Analytical Eq. (10) 2.396 0 Eq. (9) and  FEM 5.386 

FEM 2.290 4.931 Eq. (10) and FEM 4.636 

 
 
CONCLUSION 

In comparison with the computational modelling, it was possible to conclude that the 
analytical solution developed in this work is an appropriate formulation for the design and 
verification of bead-welded joints between perpendicular plates subjected to torsional 
moment, allowing an evaluation of the horizontal shear stresses. 
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ABSTRACT 
 

The production of bottom ashes as a pozzolan material from combustion of sugarcane leaves 
(SCL) for partial replacement of ordinary Portland cement (OPC) was investigated. SCL samples 
were water washing and densified to improve their physicochemical characteristics and thermal 
behavior. The resulting briquettes were burned under a controlled temperature below 800°C in a 
fixed bed reactor. The combustion ashes obtained qualify as a pozzolan material and are suitable to 
be used as a partial replacement of OPC up to a value of 20%. 

Keywords: biocement, pozzolan, alkali reduction. 

 

INTRODUCTION 

Cement industry is responsible for around 5% of global CO2 emissions. The production of one ton 
of cement results in the release of one ton of CO2 into the atmosphere. (Madani Hosseini, Shao, 
and Whalen 2011; Fabiyi 2013) Bio-silica (amorphous silica) produced from combustion of 
organic residues blended with OPC can mitigate this emission. Agro-waste can produce bio-silica, 
a pozzolan material for partial replacement of OPC. Good properties are obtained when 
SiO2+Al2O3+Fe2O3 ash oxides exceeds 70% by weight. The reactivity of bio-silica can be 
optimized by controlling the temperature and incineration time (Madani Hosseini et al. 2011). 
However, agro-wastes combustion usually cause problems of slagging and fouling in boilers and 
furnaces due to the presence of alkalis, Cl, and S in the fuel (Vamvuka and Zografos 2004). 
Washing pretreatments are used for removal of these harmful elements (Deng, Zhang, and Che 
2013). 

Sugarcane industry in Peru generates 2 million tons per year of SCL which do not have any use 
being burned in the fields. (Assureira, & Assureira, 2013). In this work the integral use of SCL as 
solid biofuel and combustion ash as pozzolan for cement industry was investigated. Results of test 
applied to SCL samples showed high alkali, Cl and S contents that were reduced by water washing 
SCL for 30 minutes at 80°C decreasing the slagging and fouling risk. The percentage of reduction 
achieved is reported. To increase the energy density of the fuel a mixture of dried and ground 
washed SCL, corn starch and clay (75%, 15% and 10%) was densified. The briquettes (diameter 
36 mm, 396 kg/m3, HHV 16.4 MJ/Kg) were burned in a fixed bed reactor under controlled 
temperature (below 800°C) and resident time (16 min.) to obtain reactive ash. The production of 
SCL combustion ashes as a pozzolan for partial replacement of OPC was investigated 

 

RESULTS AND CONCLUSIONS 

SCL were characterized by ultimate, proximate analysis, HHV and ash chemical composition. The 
contents of ash, S and Cl were high (11.4%, 0.26% and 0.53%, measured on wt.%, db). Also, ash 
composition showed high contents of Na2O (2.1%) and K2O (8.7%) alkali oxides. These suggest 
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ash deposition and corrosion in boilers. Water washing removed substantial fractions of ash, S and 
Cl from SCL (60.4, 60.2% and 77.9% respectively). The alkalis oxides (Na2O and K2O) decreased 
greatly (56.9% and 41.0% respectively). All these contributed to an improvement in fuel quality. 
The SCL briquettes combustion ashes showed that SiO2+Al2O3 +Fe2O3 ash oxides was 88.2% 
satisfying the requirements for pozzolan materials according to ASTM C618-15 standard. Also 
SO3 and LOI were within the established limits. Amorphous content was 45%, showing ash 
reactivity. Strength activity index at 28 days was 101 MPa > 75 MPa minimum value specified for 
Class F fly ash confirming that the ash qualify as a pozzolan material. Cementitious mixtures 
(PUCP IP) with 20% of ash replacement were produced and tested. The chemical and physical 
properties (Table 1) satisfied the requirements of the standard ASTM C595-15 for Portlad-
pozzolan cements IP type. This study shows that SCL combustion ashes are a good pozzolan and 
suitable for partial replacement of OPC up to a value of 20%. 

Table 1 - Chemical and physical characteristics of PUCP cementitious mixtures with 
20% of ash replacement 

Property Unit PUCP IP(20) ASTM C595-15  

Magnesium oxide, MgO % 2.2 6.0 máx. 

Sulfur trioxide, SO3 % 2.45 4.0 máx. 

Loss on ignition, LOI % 1.8 5.0 máx. 
 

Fineness (Amount retained - wet sieved on N°325) % 7  

Autoclave expansion % 0.01 0.80 máx. 

Time of setting, Vicat test 
   Initial setting time 
   Final setting time 

 
minutes 
minutes 

 
146 
315 

 
45 mín. 
420 máx. 

Air content of mortar % 3 12 máx. 

Compressive strength 
   3 days 
   7 days 
 28 days 

 
MPa 
MPa 
MPa 

 
21.5 
28.9 
42.6 

 
13.0 mín. 
20.0 mín. 
25.0 mín. 
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ABSTRACT 

Structural control and health monitoring scheme are playing a key role not only to enhance 
life safety for infrastructure systems but also to optimally minimize the life cycle cost and 
maximize the performance through the full life cycle design under natural disasters. In this 
paper, first, characteristics of Bouc-Wen-Baber-Noori model is presented, subsequently, we 
analyze a three story shear structure subjected to sine wave by using Intelligent Parameter 
Varying approach, Genetic Algorithm and Transitional Markov Chain Monte Carlo method. 
Correlation study is made to compare the system identification results. 

Keywords: hysteretic behavior, BWBN model, Intelligent Parameter Varying, Genetic 
algorithm, Transitional MCMC. 

 

INTRODUCTION 

Under cyclic loading, mechanical or structural systems may dissipate considerable energy 
through hysteretic behavior. A few examples of Bouc-Wen-Baber-Noori (BWBN) general 
hysteresis models have been studied (Dobson, 1997, Zhang, 2002). An intelligent parameter 
varying approach (IPV) proposed by (Saadat 2007) to overcome the limitations of traditional 
system identification techniques is utilized herein to identify the system parameters of a 
BWBN system. A shear structure with BWBN hysteretic restoring force is subjected to 
ambient sinusoidal wave and the implication of the parameters of the model is carried out.   

                (1) 

             (2) 

     (3) 

 (4) 

         (5) 

             (6) 

The structure is composed of three lumped mass subsystems, where each subsystem (floor ��) only moves laterally, and the structural restoring force �� between the adjacent floors is 
modeled by incorporating a BWBN hysteresis model.  In this study, for system identification, 
an Intelligent Parameter Varying (IPV) technique, with embedded radial basis function 
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networks are used to estimate the constitutive characteristics of hysteretic  restoring forces. 
This approach is then compared with the results using a genetic algorithm (Charalampakis, 
2010). and a Transitional Markov Chain Monte Carlo (TMCM) approach (Zhang, 2001).   

 

RESULTS AND CONCLUSIONS 

Due to space limitation only the tables summarizing the correlation coefficient analyses are 
presented. Table 1 shows the simulated response of the IPV based model approximates the 
true response of the hysteretic structural system subjected to sinusoid input and the system 
identification results show that the correlation coefficients are 1. 

Table 1 - Correlation Coefficient Analysis for IPV 

CR-t3 CR-t2 CR-t1 CR-x3 CR-x2 CR-x1 
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

The correlation coefficient results using genetic algorithm are shown in Table 2. The results 
show that the correlation coefficients approach 1, especially for the first floor of the hysteretic 
structure subjected to sinusoid input. 

Table 2 - Correlation Coefficient Analysis 

CRt3 CRt2 CRt1 CRx3 CRx2 CRx1 
0.9546 0.9770 0.9829 0.9546 0.9770 0.9829 

The correlation coefficients for TMCM using a Bayesian inference framework are shown in 
Table 3. We can see that the correlation coefficients approach 1 and the system identification 
result is relatively accurate. 

Table3 - Correlation Coefficient Analysis 

CR-t3 CR-t2 CR-t1 CR-x3 CR-x2 CR-x1 
0.9925 0.9932 0.9957 0.9925 0.9932 0.9957 
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ABSTRACT 

The paper deals with non destructive monitoring of stress state of the new highway bridge by 
the use of magnetic Barkhausen noise. This is a pilot study in with the potential of 
Barkhausen noise is investigated as a promising technique employed for this specific purpose. 
Effective values of Barkhausen noise are studied as a function of exerted mass load. 
Barkhausen noise signals are measured on the one section of the highway bridge after 
assembly of steel body as well as after concreting of the bridge. Barkhausen noise signals are 
correlated with the real stresses obtained from the simulation. Except the conventional 
effective value of Barkhausen noise signals also Barkhausen noise envelopes and the 
corresponding parameters are analyzed.   

Keywords: Barkhausen noise, stress state, bridge, loading. 

 

INTRODUCTION 

Magnetic Barkhausen noise (MBN) originates from irreversible and discontinuous Bloch 
Walls (BW) motion during cyclic magnetization. MBN is sensitive to stress state as well as 
microstructure alterations. Microstructure features affect the free path of BW motion whereas 
stresses affect mainly domain alignment and the corresponding BW direction (Moorthy, 
2006).  It is well known that BWs are preferentially oriented into the direction of external 
tensile stresses at the expense of BWs oriented in the perpendicular direction which contribute 
to the higher magnitude of MBN pulses. On the other hand, compressive stresses align BWs 
in the perpendicular direction against direction of exerted stresses. For this reason 
compressive stresses decreases magnitude of MBN signal (Karpuchewski, 2002).    

MBN technique is widely adapted for many industrial and laboratory applications in which 
stress state and microstructure can be monitored in a non destructive manner. Moorthy et al.  
(Moorthy, 2006) analyzed stresses changes initiated by grinding on the MBN in case - 
carburized steel. Rosipal (Rosipal, 2012) and Mičúch (Mičúch, 2014) reported that 
progressively developed grinding wheel wear increases MBN as well as initiate tensile 
stresses in hardened bearing steel. Gatelier-Rothea et al. (Gatelier-Rothea, 1998) studied 
influence of stress and microstructure on MBN in pure iron and low alloyed steel. Čížek et al. 
(Čížek, 2014) linked decreasing MBN mainly with increasing dislocation density. Piotrowski 
et al. (Piotrowski, 2012) studied thermally induced microstructure changes in the P91 grade 
steel as a function of dislocation density via magnetic as well as acoustic Barkhausen noise.  

However, this study reports about unique pilot research in which large body in the form of the 
highway bridge is investigated. MBN signals are analysed as a function of stress state 
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(bending) within the second and third pillars of the bridge at the different distances from the 
pillars. The total length between the pillars is 68 meters and contains 24 sections in which 
MBN signals were measured. The measurements were carried out on low loaded structure 
(loaded only by the weight of the bridge construction itself) as well as after concreting 
(referred as “loaded”).   

 
Fig. 1 -Magnetic domain configuration, effect of stresses and magnetic field, 

(Karpuchewski, 2002) 
 

EXPERIMENTAL DETAILS 

The measurements are carried out on the highway bridge made of low carbon hot rolled steel 
S460 MC (I profile of thickness varying from 30 to 60 mm). Chemical composition of this 
steel is in Table 1. Mechanical properties of this steel are as follow: Rm = 610 MPa,  
Rp0.2 = 540 MPa, A = 26.3%. 

Table 1 Chemical composition of S460 MC - expressed in wt%. 

Fe C Si Mn P S Al V Ti Nb 

balance 0.082 0.019 1.040 0.006 0.003 0.055 0.054 0.001 0.050 

 
Fig. 2 - MBN envelope - parameters extraction 
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Surface of the steel was coated by spraying process. Total thickness of the surface coating is 
240 µm composed of the 3 different layers: Hempadur (2 layers) + final layer of 
Hempadhone. Magnetic measurements were carried out by the use of RollScan 350 and 
software MicroScan (magnetizing frequency 125 Hz, magnetizing voltage 9 V, sine profile, 
sampling frequency 6.7 MHz, MBN signal in the frequency range from 10 to 1000 kHz). 
Effective (rms) value of the MBN signal was analysed as well as Peak Position and Full 
Width of Half Maximum (FWHM) of MBN envelopes and studied as a function of exerted 
stress state. The brief sketch in which these MBN parameters are illustrates is shown in Fig. 2. 
MBN refers to effective (rms) value of Barkhausen noise signal. All MBN parameters were 
calculated by averaging of 10 bursts (5 magnetization cycles). The real values of initiated 
stresses were obtained from simulation.  

 

RESULTS  

Fig. 4 shows that the higher compressive stresses initiate higher magnitude of MBN near by 
both pillars. As soon as the distance from the pillars is increasing MBN drops down and 
saturates early. Rms of MBN oscillates from 10 to 60 meters distance from the pillars and 
sensitivity against varying stresses is quite poor. Furthermore, influence of stresses on MBN 
is contradictory since compressive stresses usually initiates low magnitude of MBN a vice 
versa. The reason can be found in the fact that the real stress state is more complicated (not 
only poor bending) and I profile of the construction is strengthened by the cross stiffeners.   

On the other hand, Peak Position of MBN exhibits better sensitivity against different stress 
states after loading as Fig. 5 illustrates. Compressive stresses tend to align BW in the 
direction perpendicular against direction of external magnetic field. For this reason, 
compressive stresses shifts MBN envelopes to higher magnetic fields and initiate the high 
Peak Positions whereas tensile stresses gives low Peak Positions, see also Fig. 3.    

Very good sensitivity against stresses exhibit FWHM extracted from MBN envelopes (Fig. 6). 
Compressive stresses are easily linked with the low FWHM a vice versa. This aspect is 
associated with redistribution of BW alignment and widening of the magnetic field interval in 
which MBN occur. Table 2 shows correlation coefficients which refer to sensitivity of each 
MBN feature against stress state.  

 
Fig. 3 - MBN envelopes, 1,45 m from the pillar 2 - blue, 30 m from the pillar 2 - red 
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Fig. 4 - Distribution of MBN and stresses - loaded 

 
Fig. 5 - Distribution of Peak Position (of MBN envelope) and stresses - loaded 

 
Fig. 6 - Distribution of FWHM (of MBN envelope) and stresses - loaded 

 
Table 2 Correlation coefficients of the different MBN parameters against real stresses 

MBN parameter Rms (MBN) Peak Position FWHM 

Correlation coefficient -0.58 -0.8 0.89 
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Fig. 7 - Distribution of MBN, loaded and unloaded state 

 
Fig. 8 - Distribution of Peak Positions of MBN envelopes, loaded and unloaded state 

 
Fig. 9 - Distribution of FWHM of MBN envelopes, loaded and unloaded state 

 
Figs. 7, 8 and 9 illustrate changes in MBN parameters before after loading. Fig. 7 illustrates 
that lower stresses (unloaded state) give lower MBN a vice versa. This figure also shows that 
rms values of MBN after loading are mainly a function of the unloaded state since the shape 
profile of rms stays nearly constant and loading of the construction results into higher MBN. 
The same character of changes can be found for FWHM, whereas Peak Positions after 
loading drops down.  
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Fig. 10 - Rms values of MBN signals, loaded versus unloaded state 

 
Fig. 11 - Peak Positions of MBN envelopes, loaded versus unloaded state 

 
Fig. 12 - FWHM of MBN envelopes, loaded versus unloaded state 
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Figs. 10, 11 and 12 illustrates correlation between loaded and unloaded state for the different 
MBN parameters. Rms values, Peak Positions as well as FWHM after loading strongly 
depends on unloaded state, see also Table 3. Such behavior is due to quite thick surface 
coating in the scope of MBN sensitive depth. It is assumed that MBN sensing depth for this 
soft mechanical and magnetic steel is comparable with the thickness of the coating. Surface 
coating attenuates MBN pulses originated in the steel surface. Small variations in the coating 
thickness could affect measured MBN signal especially in low degree of stresses. Being so, 
this aspect should be carefully investigated in the near future. 
 

 
Table 3 - Correlation coefficients of the different MBN parameters, loaded versus unloaded state 

MBN parameter Rms (MBN) Peak Position FWHM 

Correlation coefficient 0.96 0.98 0.86 

 

 

CONCLUSIONS 

The main goal of this research is focused on monitoring of bridge degradation due to its long 
term exposition to the cyclic loading (initiation of cracking, corrosion, ect.). However, the 
progressive degradation process expressed in the term of MBN signals is superimposed with 
the initial stress state. The values of extracted MBN parameters as well as MBN envelopes 
could be established as the initial state and referred as poor stress state whereas all future 
signals alterations would correspond with degradation processes developed due to long term 
highway bridge in use.   
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ABSTRACT 

Current research is carried out on Steel Framed Tube Tall Structures with Truss Belts, 
consisting welded connections. The main aim is to illustrate the effects of soil categories on 
the Performance Point of such structures, when using Seismic Base Isolation System under 
the top stories. For this purpose, 5 three dimensional 40~60 stories Framed Tube Structures, 
equipped with belt trusses are modeled, analyzed and designed according to ASCE 7-10 code, 
based on 3 soil categories of Rock (800<Vs<1200m/s), Dense Soil (360<Vs<800m/s) and 
Loose Soil (180<Vs<360m/s) respectively, according to spectral acceleration level of 
Sa=0.40g. Then, all designed models are equipped with Additional Isolated Upper Floor 
(AIUF), which behaves as a Soft Story on the top of the structure. After tuning the frequency 
and damping ratios for these secondary systems, a Modal Pushover Analysis is carried out on 
each secondary model. Finally by the means of FEMA356/440 guideline, Capacity Spectrum 
and Performance Point characteristics due to related soil categories are computed for each 
model, using USB97 pseudo-acceleration spectrums. 

Keywords: Additional Isolated Upper Floor, Framed Tube Tall Structures, Performance 
Point, Modal Pushover Analysis, Capacity Spectrum 

 

INTRODUCTION 

Previous experience of earthquakes illustrates that many types of structures behave 
nonlinearly during a severe earthquake. So a huge amount of input energy is mainly 
dissipated through the form of damping and hysteresis. According to this, the structures are 
usually designed for much lower lateral forces than those demanded by aseismic design codes 
in elastic range. The aseismic behavior analysis and accurate design of structures for severe 
earthquakes are mainly carried out using Nonlinear Time history Analysis method (NTHA).  

Framed tube system is a proper solution for overturning control of tall buildings ranging from 
40 to 60 stories high. Meanwhile the system lets to have a wide spread free spaces for 
architectural purposes. It is also a proper solution to construct a tall building without any 
additional fee due to height. The technique of additional truss belts is a high efficient one, 
capable to reduce the lateral deformation as much as 25~30 percent. In this research, the 
effect of soil categories on the performance point of framed tube structures + truss belts are 
computed, considering with the use of Additional Isolated Upper Floor, (AIUF), in this type 
of structures. 
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Fig. 1 - The effect of using truss belts in lateral displacement reduction 

 
 

The AIUF (based on height of the structure) are isolated by the use of HDRB isolators, and 
used to behave as a soft story there. The AIUF acts as a Tuned Mass Damper (TMD), which 
has the ability to dissipate the induced seismic energy by the vibrational movements. To reach 
that, the modal frequency of the TMD should get tuned to the initial  

 
Fig. 2 - (a) Vibration absorber attached to  SDOF system;  (b) response amplitude versus exciting frequency 

 
 

mode shape frequency of the structure. Once the mentioned frequency is applied, the 
vibrational movement of the TMD is activated in a phase not matching the main vibration 
phase of the main structure, causing the inertial force of the TMD to act on the structure and 
dissipate the induced energy.      

 

GENERAL STRUCTURAL SEISMIC BEHAVIOR 

Both structural and non structural collapses during earthquakes, usually occur due to lateral 
displacements, so the determination of  “Ductility Demand” in Performance based design 
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method is of much importance. According to the reduced lateral forces, the lateral 
displacements computed through a linear analysis, should be increased in order to estimate the  
real displacements during a severe earthquake. In Fig. 3, ∆max is the maximum inelastic 
displacement, ∆e  is the maximum linear displacement. In Fig. 3 the real behavior of the 
structure is replaced by a bilinear elasto-plastic model. In equation 1, µ is the Ductility Factor 
and is described as follows:  

                                                             µ = ∆max / ∆y                                                                                                 (1) 

 

 
Fig. 3 - General seismic response of structures 

 

TARGET DISPLACEMENT DETERMINATION BASES (DUE TO FEMA356) 

Using the Displacement Coefficient Method, the target displacement can be computed 
according to equation (2):  

 
δt=C0 C1 C2 C3 Sa. g. Te/4π2                                                      (2) 

 
C0 is a modification factor to relate the spectral displacement and likely building roof 
displacement.The value of  C0  ranges 1.0~1.5 according to number of stories. 

C1 is a modification factor to relate maximum inelastic displacements to displacements 
calculated for linear elastic response. The values of C1 would never be taken less than 1.0. 

C2 is a modification factor to represent the effect of hysteresis shape on the maximum 
displacement response. The values of C2 depends on the framing type and performance level 
of the structure and can be taken 1.0~1.5. 

C3 is a Modification factor to represent increased displacements due to dynamic P-Delta 
effects. For buildings with positive post-yield stiffness, C3 can be set equal to 1.0.  

Sa  is response spectrum acceleration at the effective fundamental period, Te and damping 
ratio for the building in the direction under consideration. 

Te is the fundamental period and is computed according to equation (3): 

Te=Ti√Ki / Ke                                                                   (3) 

Where Ti and Ki are the initial elastic fundamental period in seconds and initial stiffness of the 
building in the direction under considered. 
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Fig. 4 - Calculation of target displacement δt 

It is obvious that to determine the effective fundamental period, Te, and the target 
displacement, δt, the pushover curve for the building is needed. 
 
 
 
COMPUTATIONAL MODELS AND ANALYSES 
 
According to above mentioned descriptions, 5 three dimensional outrigger braced frames, 40 
to 60 stories high, equipped with various types of outriggers are modeled. All steel 
connections are assumed to be welded rigid. Steel used for all structural elements 
demonstrates a complete elasto-plastic behavior. Slabs are assumed to bear a live load equal 
with 200kg/m

2. In design process, the requirements of lateral displacement and inter story 
drift limitations due to ASCE 7-10 seismic code is satisfied. All computational models are 
analyzed and designed for Sa=0.40g spectral acceleration levels, considering 3 soil types of 
Rock, Dense Soil and Loose Soil, including P-∆ effects. The final sections for steel elements 
are obtained due to AISC 360-10 code. Later, the AIUF is added to the preliminary models, as 
shown in Fig. 5.  

 
           40 St           45 St            50 St              55 St              60 St 

Fig. 5 - 2D view of finite element computational models with AIUF 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
 
 

-887- 

The AIUF is tuned for frequency and damping ratio, as indicated in Table 1. 
 

Table 1 - Stiffness and Damping Ratios after Tuning 
60 St  55 St  50 St  45 St  40 St  Sa   

0.53 0.71 0.90 0.91 1.01 
0.25g 

Stiff. (kN/mm) 

R
o
ck

 

0.69 0.69 0.69 0.59 0.59 Damp.(kN.sec/mm) 

0.71 0.88 1.08 1.04 1.12 
0.35g 

Stiff. (kN/mm) 

0.69 0.69 0.69 0.59 0.59 Damp.(kN.sec/mm) 

0.53 0.70 0.90 0.94 1.05 
0.25g 

Stiff. (kN/mm) 

D
en
se
 

S
o
il

 

0.69 0.69 0.69 0.59 0.59 Damp.(kN.sec/mm) 

0.73 0.87 1.17 1.12 1.53 
0.35g 

Stiff. (kN/mm) 

0.69 0.69 0.69 0.59 0.59 Damp.(kN.sec/mm) 

0.74 0.87 1.15 1.11 1.25 
0.25g 

Stiff. (kN/mm) 

L
o
o
se
 

S
o
il

 

0.69 0.69 0.69 0.59 0.59 Damp.(kN.sec/mm) 

0.99 1.26 1.52 1.41 1.75 
0.35g 

Stiff. (kN/mm) 

0.69 0.69 0.69 0.59 0.59 Damp.(kN.sec/mm) 

 
Finally Modal Push-over analysis is performed to determine the Performance Points, 
according to FEMA guidelines, using Perform-3D analysis software.  

 

ANALYSIS RESULTS 

The results from the pushover analyses are summarized in Table 2. All performance point 
displacements and base shear forces according to soil categories are computed separately. 

Table 2 - Performance Point results according to FEMA356/440 guidelines. 
V= base shear force (Ton) and D= displacement (cm) 

Soil    
Type 

            P.P.                 40               45              50               55                60 

Rock 
             V                1137.0        1140.7       2006.5        2036.8        2177.9 
             D                 106.8          100.1         157.9          178.1          255.9 

Dense         
Soil 

             V                1289.8        1322.8       2326.3        2287.9        2396.0 
             D                  89.5           108.5         171.0          208.4          304.4 

Loose      
Soil 

             V                1726.7        1760.7       3139.9        3054.0        3173.5 
             D                 156.8          149.1         181.8          199.0          316.7 

 
Finally, Modal Pushover analysis is performed to determine the Performance Points, 
according to FEMA356/440 guidelines, using Perform-3D analysis software. The capacity 
curves are shown as indicated in Fig. (6) ~ (10): 
 

 
                                            (a)                                                       (b)                                                     (c) 

Fig. 6 - 40 Story Structural model Capacity Curves: a) SI, b) SII, c) SIII 
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                                           (a)                                                      (b)                                                     (c) 

Fig. 7 - 45 Story Structural model Capacity Curves: a) SI, b) SII, c) SIII 

 
 

       
                                          (a)                                             (b)                                            (c) 

Fig. 8 - 50 Story Structural model Capacity Curves: a) SI, b) SII, c) SIII 

 
 

        
                                          (a)                                             (b)                                            (c) 

Fig. 9 - 55 Story Structural model Capacity Curves: a) SI, b) SII, c) SIII 

 
 

       
                                          (a)                                             (b)                                            (c) 

Fig. 10 - 60 Story Structural model Capacity Curves: a) SI, b) SII, c) SIII 
 

 
In Fig. 11 the sample 60 story framed tube steel structure with and without AIUF is shown. 
The deformed shape according to AIUF lateral displacement is illustrated as well. 
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 (a)             ( b)       (c) 
 

Fig. 11 -  60 Story Framed Tube model + Truss Belts: a) without AIUF,   

b) with AIUF & c) with AIUF deformed 
 

 
CONCLUSION 

As could be observed, by degrading the soil type from rock to dense soil, the displacement 
average value increases up to 10.4%. This mean value increases up to 13.8% when degrading 
from dense soil to loose soil. According to this fact, by softening the soil, performance point 
displacement of the framed tube structures equipped with truss belts and AIUF leads to higher 
values. On the other hand, the related base shear force mean values increase up to 13.2% and 
33.6%, when degrading from rock to dense soil and from dense soil to loose soil categories, 
respectively. In case of dense and loose soils, seismic behavior of structures of 55 and 60 
stories with AIUF high changes. In these cases, when maximum displacement raises up to 
400cm, structures equipped with AIUF demand a higher base shear force than the same 
structures without AIUF according to figures 9 and 10. It could be observed that by using 
Additional Isolated Upper floors, the entire structure demonstrates an amplified performance 
point. It indicates that using a soft story on the top of the framed tube structures, imposes an 
artificial ductility and causes the target displacement to get increased up to 10%. The final 
concept of using this innovative passive control system is achieving a higher performance 
point for steel framed tube steel structures, which supplies more safety and less inter story 
drifts without causing additional cost.   
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ABSTRACT 

Reinforced Concrete Silos may be classified as storage structures, generally used for storing 
coal, cement, food grains and other granular materials. In current research, two existing 
models of reinforced concrete silos of a cement factory are chosen and Modal Pushover 
Analyses are carried out on them. Capacity Curves are achieved from the modal pushover 
analysis of models and Performance Point characteristics are computed according to spectral 
acceleration amplification levels for three soil categories of Rock, Dense Soil and Loose Soil, 
due to ATC-40 guideline recommendations, by using UBC97 pseudo-acceleration spectrums. 

Keywords: Reinforced Concrete Silos, Spectral Acceleration, Modal Pushover Analysis, 
Performance Point, Capacity Curve 

 

INTRODUCTION 

Previous experience of earthquakes illustrates that many types of structures behave 
nonlinearly during a severe earthquake. So a huge amount of input energy is mainly 
dissipated through the form of damping and hysteresis. According to this, the structures are 
usually designed for much lower lateral forces than those demanded by aseismic design codes 
in elastic range. The aseismic behavior analysis and accurate design of structures for severe 
earthquakes are mainly carried out using  Nonlinear Time history Analysis method (NTHA). 
Using the NTHA method for analysis of somehow simple structures in consulting engineers 
offices is not appropriate enough, due to the complexity and time taking behavior of the 
method. So according to simplicity and popularity of structural linear analysis techniques, 
they are  mainly proposed in most aseismic design codes using the reduced lateral forces 
meanwhile. The seismic linear force for structural design purposes is achieved from a linear 
earthquake spectra. The computed lateral force from the spectra is decreased by the means of 
a reduction factor according to ductility, damping, overstrength and so on. Due to the 
development of industrial constructions and reinforced concrete silos as well, studying the 
behavior of such structures is of much importance. According to Figure 1, in a silo the vertical 
walls are considerably taller than the lateral dimensions resulting in a tall structure. 
Consequently, the plane of rupture of the material stored meets the opposite side of the 
structure before meeting the top horizontal surface of the surface of the material as shown in 
Figure1. Due to high ratio of height to the lateral dimensions, a significant portion of the load 
is resisted by the friction between the material and the wall. Only a fraction of the total weight 
of the material acts on the floor of the structure. 
 
If   B=Breadth,   H=Height of the structure ,   φ=angle of repose 



Topic-I: Civil Engineering Applications 
 
 

-892- 

For a structure to be classified as a silo:  
 

                         H > B tan ( 90 + φ ) / 2                                                   )1(  

 
                                                                  (a)                                         (b) 

Fig. 1 - General view of (a) Bunker and (b) Silo 

In current research we would try to determine the “Ductility Demand” of Reinforced Concrete 
Silos, using existing structures of this type.  For this purpose, 2 conventional models of R.C. 
silos, which are supposed to demonstrate a typical type of this structures according to author’s 
point of view, are selected, analyzed and designed according to ACI 313-97 and ASCE 7-10  
code for seismic requirements. Proposed models are analyzed for both soil-structure 
interaction effects and without it, considering filling strategy of Empty, 50% Full and 100% 
Full cases. By using Nonlinear Time History Analysis method and completing a “Modal 
Pushover” analysis, the seismic behavior of R.C. silos are studied and related ductility 
demands are determined using ATC40 guideline. 

 

GENERAL SEISMIC BEHAVIOR OF STRUCTURES 

Both structural and non structural collapses during earthquakes, usually occur due to lateral 
displacements, so the determination of  “Ductility Demand” in Performance based design  

 
Fig. 2 - General seismic response of structures 
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method is of much importance. According to the reduced lateral forces, the lateral 
displacements computed through a linear analysis, should be increased in order to estimate the 
real displacements during a severe earthquake. In Fig. 2, ∆max is the maximum inelastic 
displacement, ∆e  is the maximum linear displacement. In Figure 2 the real behavior of the 
structure is replaced by a bilinear elasto-plastic model. In equation 2, µ is the Ductility Factor 
and is described as follows:  

                                                           µ = ∆max / ∆y                                                                                         (2) 

 

PERFORMANCE POINT DETERMINATION BASES (DUE TO ATC-40) 

There are three procedures described in ATC40 to find the performance point, procedures A, 
B & C.  The most transparent and most convenient for programming is Procedure “A”. To 
find the performance point using Procedure A, the following steps should be taken: 

1- A 5% damped response spectrum appropriate for the site, for the hazard level required for 
the performance objective is developed. 

2- The capacity curve obtained from the static nonlinear analysis is converted to a capacity 
spectrum, using related equations [4]. 

3- A trial performance point Sapi, Sdpi is selected. This could be done on the basis of 
engineering judgement. 

4- A bilinear representation of the capacity spectrum is developed such that the area under the 
capacity spectrum and the bilinear representation is the same. 

5 the spectral reduction factors SRA and SRV are computed using related equations and the 
demand spectrum is reduced as shown in Fig. 3. The reduced demand spectrum is plotted 
together with the capacity spectrum. 

 
Fig. 3 - General seismic response of structures 

 
6- If the reduced demand spectrum intersects the capacity spectrum at Sapi, Sdpi or if the 
intersection point Sdp is within 5% of Sdpi, then this point represents the performance point. 

7- If the intersection point does not lie within acceptable tolerance (5% of Sdpi or other) then 
another point is selected steps 4 to 7 is repeated.  
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Procedure B is also an iterative method to find the performance point, which use the 
assumption that the yield point and the post yield slope of the bilinear representation remains 
constant.  This is adequate for most cases, however in some cases this assumption may not be 
valid. Procedure “C” is a graphical method and is convenient for hand analysis. 

 

FINITE ELEMENT COMPUTATIONAL MODELS  AND ANALYSES 

In order to study the seismic behaviour of  R.C. tall silos, two samples of previously analysed 
and designed silos of Abyek cement plant is chosen due to Fig.4. Model (a) is demonstrating a 
Blending silo, with a capacity of 12500 ton and 79.0 m high. The internal diameter of model 
(a) is 16.0m, carrying an approximate 52.0  Tons of mechanical facilities on the upper level. 

 

                      Model (a) with SSI               Model (a) w/o SSI                  Model (b) with SSI              Model (b) w/o SSI  

Fig. 4 - Proposed finite element models 

For Model (a) a pile foundation system is designed to bear the vertical and lateral loads 
safely. Pile cap dimensions are 20.0x20.0x3.0 meters, containing 49 cast in place piles of 20 
meters depth and a diameter of 120cm. The wall thickness is estimated to be 120cm for the 
first 10.1m height and 50cm for the rest of the height of the silo. Model (b) is demonstrating a 
Reject silo, with a capacity of 2000 ton and 35.4 m high. The internal diameter is 11.0m 
containing a wall thickness of 80cm for the first 11.0m height and 35cm for the rest. As could 
be observed, the foundation system of this model is also a pile foundation system with a pile 
cap of ring type. The external diameter of the ring is 13.5m with a width of 3.4m. The 
thickness of the pile cap is estimated to be 200 cm. The total quantity of piles are 18 with a 
diameter of 120cm and 15.0m depth. For both cases, the structural concrete is estimated to 
have a 28 days strength of f’c=240 kg/cm2 and the reinforcing bars are AIII type with a 
yielding stress of Fy=4000 kg/cm2. In current research the Soil-Structure Interaction effects 
are determined using Equivalent Spring - Dashpot Theory. In this method, the soil-foundation 
system is replaced by a spring and a dashpot. For the dynamic analysis of the soil-structure 
system, the stiffness and the damping coefficient of the springs and dashpots are included in 
the stiffness and damping matrices of the total system.  
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The response for the equivalent spring-dashpot analysis could be carried out using direct 
integration method. An approximate analysis method can also be performed by ignoring the 
off-diagonal terms of the transformed damping matrix (ΦTCΦ). The equivalent amounts off 
stiffness and damping for current research are summarized in Tables 1 & 2. 

Table 1 - Stiffness And Damping for the Piles and Pile Cap (Model “a” with SSI) 

Soil Category Kv (kg/m) Cv (kg-sec/m) Kh (kg/m) Ch (kg-sec/m) 
Rock 99.76×108 12.08×108 5.26×108 6.88×105 

Dense Soil 25.11×108 5.9×108 1.32×108 3.37×105 
Loose Soil 6.79×108 3.0×108 3.58×107 1.69×105 

Table 2 - Stiffness And Damping for the Piles and Pile Cap (Model “b” with SSI) 

Soil Category Kv (kg/m) Cv (kg-sec/m) Kh (kg/m) Ch (kg-sec/m) 
Rock 51.65×108 3.23×108 7.78×108 9.66×105 

Dense Soil 13.0×108 1.58×108 1.96×108 4.62×105 
Loose Soil 3.51×108 8.0×107 5.29×107 2.33×105 

Nonlinear Pushover analyses are completed using Perform-3D analysis software. For 
nonlinear analyses, the damping ratio is determined equal to 0.05 for all mode shapes. For 
analysis purposes, the lumped mass method is used for determination of the total mass of the 
material inside of silos. The computed mass of the material for the cases of 50% Full and 
100% Full is uniformly distributed on the framework of the models. In order to illustrate the 
structural concrete nonlinear behavior, the “Takeda” behavior model is taken into account.  
 
NONLINEAR ANALYSES RESULTS  

The results from the modal pushover analyses are summarized according to Table 3.  

Table 3 - Performance Point results according to ATC-40 guideline. V(ton), D(cm) 

     
As could be observed in Table 3, the effects of spectral acceleration amplification get more  
accelerated when the material volume inside the silo is increased. In order to have a better 
imagination, the contents of Table 3 is converted into diagrams of displacement and base 
shear force versus pseudo acceleration for both models which could be observed in Fig. 5. 
 

 Soil 
Type 

P.P. 
Model “a” Model “b” 

0.20g 0.40g 0.60g 0.80g 1.0g 0.20g 0.40g 0.60g 0.80g 1.0g 

R
oc

k
 Empty 

V 1526.3 3052.5 4578.8 6105.0 7631.3 867.4 1734.9 2602.3 3469.8 4326.5 
D 2.82 5.64 8.46 11.29 14.11 1.04 2.08 3.12 4.16 5.20 

50% 
Full 

V 2573.9 5147.8 7721.7 10295.6 12869.5 1421.4 2842.8 4264.2 5394.2 6506.0 
D 3.65 7.30 10.95 14.60 18.25 1.68 3.35 5.03 6.76 8.49 

100% 
Full 

V 2602.1 5204.2 7806.3 10070.6 11637.3 1808.6 3617.1 5036.1 6391.2 7283.6 
D 5.31 10.63 15.94 21.12 25.91 2.46 4.93 7.37 9.76 11.98 

D
en

se
 S

oi
l Empty 

V 1691.7 3383.3 5075.0 6766.6 8458.3 867.4 1734.9 2602.3 3469.8 4326.5 
D 3.13 6.25 9.38 12.51 15.63 1.04 2.08 3.12 4.16 5.20 

50% 
Full 

V 3072.4 6144.9 9217.3 12289.7 14723.3 1421.4 2842.8 4264.2 5394.2 6506.0 
D 4.36 8.71 13.07 17.43 21.75 1.68 3.35 5.03 6.76 8.49 

100% 
Full 

V 3902.5 7804.9 10858.1 13146.1 15321.7 1808.6 3617.1 5081.6 6517.2 7545.5 
D 7.97 15.94 23.53 30.52 37.18 2.46 4.93 7.45 9.98 12.72 

L
oo

se
 S

oi
l Empty 

V 1691.7 3383.3 5075.0 6766.6 8458.3 867.4 1734.9 2602.3 3469.8 4326.5 
D 3.13 6.25 9.38 12.51 15.63 1.04 2.08 3.12 4.16 5.20 

50% 
Full 

V 3072.4 6144.9 9217.3 12289.7 14723.3 1421.4 2842.8 4264.2 5394.2 6506.0 
D 4.36 8.71 13.07 17.43 21.75 1.68 3.35 5.03 6.76 8.49 

100% 
Full 

V 4902.2 9714.4 13051.4 16205.9 18248.4 1808.6 3617.1 5081.6 6517.2 7545.5 
D 10.01 20.03 30.23 40.90 53.78 2.46 4.93 7.45 9.98 12.72 
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Base Shear Force versus Pseudo-acceleration                   Displacement versus Pseudo-acceleration 

For Model “a”                                                                    For Model “a” 

               
  Base Shear Force versus Pseudo-acceleration                    Displacement versus Pseudo-acceleration 
                          For Model “b”                                                                    For Model “b” 
 

Fig. 5 - Performance Point results according to ATC-40 guideline.  

 

CONCLUSION 

As could be observed, by filling the silos, the performance point grows to a higher value for 
all soil categories and spectral acceleration amplitudes. For both models when empty, base 
shear force and displacement grows linearly when a/g amplifies. For model “a” a reduction is 
observed in amplification of base shear force when 100% full for all soil categories, while the 
displacement increases nonlinearly. The same happens for model “b”, except, when degrading 
from SII to SIII, no changes could be observed in results when spectral acceleration amplifies. 
It means that for short silos, no changes could be observed in performance points when 
degrading the soil type from SII to SIII, while the spectral acceleration level increases.  
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ABSTRACT 

We propose a new type of PC steel bar brace for moment-resisting steel frames, which is 
referred to as displacement-restraint PC steel bar brace (DRB). The DRB can avoid a collapse 
mechanism of a specific unique story and the structure with DRB has robustness to extremely 
severe earthquakes. We show the effectiveness of DRB based on optimum design method. 
Numerical results imply that DRB is effective against the large seismic inputs compared to a 
conventional brace. 

Keywords: PC steel bar, robustness, optimum design, initial displacement, seismic response. 

 

INTRODUCTION 

The avoidance of building collapses and the protection of human lives from earthquakes are 
highly important theme for structural design of buildings. The damping devices can absorb 
the energy during earthquake excitation and generally decrease the seismic response. Passive 
dampers such as buckling restrained brace, oil damper and tuned mass damper are widely 
used for seismic design of building frames. It was also known that the damping mechanism 
cannot work so effectively for some type of earthquake, e.g., pulsive wave, and high strength 
is required to the structures against such seismic waves (Yamakawa, 2015). Furthermore, it 
was pointed out that deformation concentration occurs under some severe earthquakes and 
control of the post-yield stiffness is required to prevent the phenomenon (Uetani, 1998). To 
overcome the difficulties, improving the self-centering capability by special materials (Araki, 
2014), displacement-restraint bracing for seismic retrofit (Tagawa, 2009) have been studied. 
These elements can keep elasticity even in large deformation. 

We propose a new type of PC steel bar brace for moment-resisting steel frames as shown in 
Fig. 1, which is referred to as displacement-restraint PC steel bar brace (DRB). The end of the 
PC steel bar is spaced apart from the plate in initial state and contacts the plate when the 
displacement reaches a given value. The PC steel has high strength but low ductility when 
compared with usual beam and column steel. The DRB retains elasticity even in the large 
inter-story drift of the building structures and hence can avoid the drawbacks of the PC steel 
bar, i.e., low ductility. This means that DRB can add high stiffness and strength to the 
structure and control post-yield stiffness of the structure. Thus, DRB can avoid a collapse 
mechanism of a specific unique story and the structure with DRB has robustness to extremely 
severe earthquakes. 
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Fig. 1 - Building structures with DRB 

 

DETAIL AND MECHANISM OF DRB 

We arrange 4 PC steel bars in one side, i.e., total of 8 PC steel bars in both sides as shown in 
Fig. 1-3. In our study, we design one or two these X-type braces in each story. Fig. 2 shows 
the detail of a conventional brace without initial displacement. On the other hand, in terms of 
DRB, the end of the PC steel bar is spaced apart from the plate in initial state and contacts the 
plate when the displacement reaches a given value to improve the earthquake performance of 
building structure under large earthquakes. Fig. 3 shows the detail of DRB with initial 
displacement, uB. At the end of brace a connection plate is connected with a rib plate by a 
weld and a nut is set at the end of PC steel bar to prevent it from coming off. PC steel bars are 
set as shown in Fig. 4 to avoid the interference at a point of intersection and the eccentricity 
of 4 PC steel bars. 

 

 
Fig. 2 - Conventional brace without 

initial displacement 
Fig. 3 -   DRB with initial 

displacement, uB 
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(a) A-A’ section                                           (b) B-B’ section 

Fig. 4 - Connection of DRB 

The inter-story drift angle reaches RS called action onset drift angle, when the end of the PC 
steel bar contacts the plate. The detail description of RS is indicated in formula 1. Fig. 5 shows 
the mechanism of DRB under a large lateral displacement. 

 
(a) Initial state                                       (b) Story displacement state  
                                                                     (Story drift angle Rs) 

Fig. 5 - Concept of DRB 

 
MATERIAL TEST RESULT AND HYSTERESIS MODEL 

The material test results are listed in Table 1. The hysteresis loop of a conventional brace and 
DRB are shown in Fig. 6, 7, respectively, where the axial force of the conventional brace and 
DRB is denoted by f and displacement, elastic stiffness and second modulus of stiffness are 
denoted by u, K0 and K1, respectively.  In these figures, the yield axial force is denoted by fy 
and the yield axial displacement of the conventional brace is denoted by uy. Thus the 
hysteresis loop of a conventional brace is normal bi-linear and the hysteresis of DRB is 
normal bi-linear with an initial slip. 

Table 1 - Material test results 

 

Brace Beam and Column

Grade SBPR 1080/1230 SN490B

Young's modulus (Mpa) 205,000 205,000

Yield Strength (MPa) 1,080 325

Ultimate Tensile Sttength (MPa) 1,230 490

Percentage elongation after fracture (%) 5 17
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We study a moment-resisting steel frame with DRB which consists of beams and columns 
with height h and span αh as shown in Fig. 8. The DRB keeps elasticity between as Rs ≤R ≤Ry, 
where Rs is action onset drift angle and Ry is yield drift angle. The relation of inter-story drift 
angle R and initial displacement uB of the brace is shown as follows in the condition of θ
=45°(α=1), h=4m, using the mechanical properties of Table 1. 

�� 	� ��	 cos  � 12√2��																																																																																																						 
�� � √1 � ���	 	���	� �1 � �� � ��� � 12√2�� � 545125																																				�1� 

Hereα=1, h=4, σy=1080,  E=205000 are substituted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                

 

 

 

 

 

Fig. 6 - Hysteresis loop 
 of conventional brace 

Fig. 7 - Hysteresis loop  
of DRB 

Fig. 9 - Analysis model 

Fig. 8 - Axial displacement of brace 

h 

αh 

θ 

l u 
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ANALYSIS MODEL 

We study a story shear model with the number of stories N, θ=45°, h=4m and the weight of 
each story M=500tf as shown in Fig. 9. The stiffness and the strength of each story are given 
as follows. 

In 1st natural period of building structure Tc=0.03×4m×N	[sec],	base	shear coefficient 
C0=0.2 and Ai seismic distribution of Japanese building code as shown in Table 2,  lateral 
forces vector is calculated as &'=(()' , …, (*+++	)T and when this vector acts to the story shear 
model, story stiffness distribution ｛ KF1, …, KFN｝ is given as each story drift angle is 1/250 
[rad]. 

Next the yield shear force of each story Qyi is decided so that each story may be yield when 
each story drift angle is 1/150 [rad] as shown in Fig. 10. The natural period and base yield 
shear force of main frame without DRB are shown in Table. 3. 

 
Table 2 - Shear coefficients of each story in case of N=9 

Story 
number 

1 2 3 4 5 6 7 8 9 

Shear 
coefficient 

0.200 0.218 0.237 0.258 0.282 0.310 0.346 0.398 0.501 

 
 
 

 

Table 3 - Information of analysis model in case of N=9 

N 9 

T 1.35 

Qy1 12,818 

     T: Natural period of main frame without DRB 
    Qy1:Base yield shear force of main frame without DRB 

 

 
PARAMETER OF DRB 

The ratio β of the brace stiffness to the total stiffness (brace and frame) of each story is given 
as follows. 

,�� � -�,.� � ,���																																																																																																				�2� 

The lateral brace stiffness of number i story is given as kBi. And the area of PC steel bars in 
one side of X-type brace of number i story is given as follows. 

/�� 	� ,�� 0 1� 0 cos � 																																																																																																						 �3� 

Fig. 10 - Skelton curve of Q and δof  
main frame without DRB 
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INPUT SEISMIC MOTIONS 

Extremely large three design earthquakes are given as seismic inputs, the scale of which are 
summarized in Table 3. 

Table 3 - Scale of the seismic inputs 

 PGA (cm/s2) PGV (cm/s) PGD (cm) 

JS CA-BL2-1  524 73.2 63.0 

JS CA-BL2-2 440 79.4 77.9 

JS CA-BL2-3 572 81.9 57.6 

 

 

OPTIMUM DESIGN PROBLEM OF DRB WITH TIME HISTORY RESPONSE 
ANALYSIS 

We find the initial displacements of DRB {uB1, …, uBN} to minimize the max response story 
shear angle δmax. This problem is shown as follows. 

Find {uBi} to minimizeδmax({uBi}) 

 

ANALYSIS RESULTS OF OPTIMUM DESIGN 

We investigate the reduction of the seismic response by DRB based on optimum design 
method that minimizes inter-story drift angles evaluated by nonlinear transient dynamic 
analysis. Extremely large three design earthquakes are given as seismic inputs, the scales of 
which are summarized in Table 3. Let us consider a 9-story steel building with DRB as shown 
in Fig. 1. The results of the initial displacements of DRB are shown in Table 4. And the 
results of the maximum inter-story drift angle of the frame with DRB to the design 
earthquakes are shown in Fig. 10. For comparison with a conventional brace, we also show 
the results of the frame with braces that do not have initial displacements in Fig. 10. From 
Fig. 10, use of DRB can reduce the maximum response of the structure by 24% to the 
conventional braced frame. 
 

Table 4 - Initial displacements of DRB with optimum design in case of N=9 (h=2%)   unit: cm 

Story 
number 

1 2 3 4 5 6 7 8 9 

Initial 
displacement 

0.25 0.63 0.61 0.61 0.69 0.16 0.56 0.40 0.70 
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Fig. 10 - Seismic response of the structure 

 

CONCLUSION 

The numerical results imply that DRB is effective against the large seismic inputs, especially 
extreme large seismic inputs. We can reduce the risk of building structures collapse, using 
DRB. 
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ABSTRACT 

Structure damage in civil engineering is generally caused by natural aging of materials, 
human activities or natural disasters. Control and monitoring of the structure’s health (SHM) 
present a very important stake for human and material security. In this context, many methods 
based on structure dynamic behaviour allow detection or localization of structural damages, 
especially concerning structures submitted to seismic excitations. These SHM technics are 
usually called Vibration-Based Damage Detection Methods (VBDDM). Every method of 
detection and localization depends on the accuracy of the experimental identification of modal 
parameters using Operational Modal Analysis (OMA), as well as number of modes and 
sensors. So far, no method enables, in simple and quick procedure, a precise detection and 
localization while having the optimal conditions: minimal number of sensors, use of low order 
modes. In this paper, we propose a new algorithm using in the first place, Covariance-driven 
stochastic subspace identification method (SSI-COV) to estimate modal parameters and in the 
second place, some VBDDM methods to reach a good detection and localization level for 
robust SHM applications. In order to evaluate our approach, a finite element model of 
reinforced concrete building is established. 

Keywords: SHM, vibration, OMA, Output-only analysis, damage detection and localization. 

 

INTRODUCTION 

Control and monitoring of a structure in civil engineering, in order to guarantee its good 
functioning, are based on its vibrational behaviour’s analysis. These technics consist in 
following the evolution of dynamic features such as: Eigen frequencies, mode shapes, 
flexibility (Ndambi, 2002). In practice, these technics help choosing actions of rehabilitation 
on damaged structures, leading consequently to an optimization of maintenance costs. The 
technics generally used are Frequency-Based Damage Detection methods (FBDD) and Mode-
shapes-Based Damage Detection methods (MBDD). Previous studies showed that the FBDD 
methods are easy to implement experimentally, very sensitive to damage, but very difficult to 
interpret in cases of low variations (Yan, 2007). However, MBDD methods are more precise 
and allow detection and localization of damages (Kim, 2003). Precision can be improved by 
using an important number of sensors and high order modes, which turns out to be difficult to 
realise experimentally. In the work related here, we propose a global method gathering 
various VBDDM technics in order to obtain better precision. This global method present three 
levels: Modal parameter identification, detection and localization. 
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COVARIANCE-DRIVEN STOCHASTIC SUBSPACE IDENTIFICATION METHOD 

1. Theoretical background   

1.1. State space models  

In the case of a time-invariant linear dynamic model, the behaviour of the structure is 
described by the differential system (Goursat, 2001):  

    345�6� � 748�6� � 94�6� � :�6� 

    ;�6� � 7<45�6� � 7=48�6� � 7>4�6�                (1) 

Where 4�6�, 48�6�	and	45�6� are respectively: the displacement, velocity, and acceleration 
vectors of the considered degrees of freedom. M, C and K are respectively the mass, damping 
and stiffness matrices. The excitation v(t) is considered as zero-mean white noise. Y(t) is the 
output vector which is a combination of the accelerations, velocities and displacements 
vectors. 7<, 7=	and	7> are the selection matrices (Reynders, 2007).  

The Eigen frequencies χ and the Eigenvectors AψC	are deduced from the equations below: 

    det�3E� � 7E � 9� � 0 

    �3E� � 7E � 9�GH � 0          (2) 

By a change of variable:	J�6� � KL�M�L8�M�N, a state vector, equation (1) can be rewritten as:  

    J8 �6� � /OJ�6� � PO:�6� 

    ;�6� � 7OJ�6� � QO:�6�          (3) 

Where PO � R 03S)T and QO � 7<3S)	are respectively the process noise and the measurement 

noise matrices; 7O � [7> U 7<3S)9 7= U 7<3S)9] is the observation matrix and                    /O � R 0 VU3S)9 U3S)7T is the transition matrix. 

Equation (3) is also called the state-space model in continuous time.  

By discretizing in time, the state space model can be written as:   

    W�XY)� � /W�X� � Z�X� 
    [�X� � 7W�X� � \�X�          (4) 

Where W�XY)� is the (2n×1) state vector at the time instant (k+1)∆T, ∆T is the sampling 
period.; [�X� is the (l ×1) output vector at the time instant k∆T. w ϵ ��]0)and q ϵ �^0) are 
respectively the process and the measurement noises in discrete-time and are assumed to be a 
zero-mean samples (�_Z�X�W�X�M` � 0 and �_\�X�W�X�M` � 0); / �	abc∆e is the transition 

matrix in discrete-time and 7	 � 	f abc�X∆eY∆eSg�X∆eY∆eX∆e hi	PO  is the observation matrix in 
discrete-time.  

The purpose of the SSI-COV’s algorithm is to identify the transition matrix A which contains 
all the modal information (Zhang, 2012; Peeters, 2000).  
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1.2. Covariance matrices  

Before presenting the approach of the SSI-COV’s algorithm, we introduce the notion of 
covariance in order to establish a relation between the output vector y(t) and the state vector 
x(t). In fact, covariance allows cancelling the white noise and bringing up the transition matrix 
A through mathematical means. 

The covariance matrices of the white noises (Z�X�,\�X�) and the state vector W�XY)� is zero 
since Z�X� and \�X� are zero-mean samples. 

    �_Z�X�W�X�M ` � 0 

    �_\�X�W�X�M ` � 0          (5) 

The expression of the state vector W�XY�� is derived from the equation W�XY)� � /W�X� � Z�X� 
by recurrence as follows: 

 W�XY�� � /W�XY�S)� � Z�XY�S)� 													� /�/W�XY�S�� � Z�XY�S)��� � Z�XY�S)� 
… 													� /�W�X� � /�S)Z�X� � /�S�Z�XY)� � ⋯� /Z�XY�S�� � Z�XY�S)�   (6) 

The covariance matrix of the state vector W�X� can be written as: kll � ��W�X�W�X�M �          (7) 

The covariance matrix of the state vector W�XY)�	can be written as:  kll) � ��W�XY)�W�XY)�M � 

       	� ��	�/W�X� � Z�X���/MW�X�M � Z�X�M� 

       	� �_	/W�X�/MW�X�M` � �_/W�X�Z�X�M` � �_Z�X�/MW�X�M` � ��Z�X�Z�X�M� 

       	� /�_	W�X�W�X�M`/M � /�_W�X�Z�X�M` � /M�_Z�X�W�X�M` � ��Z�X�Z�X�M� 

       	� /�_	W�X�W�X�M`/M � /�_W�X�Z�X�M` � /M�_Z�X�W�X�M` � ��Z�X�Z�X�M� 

       	� /kll/M � mn          (8) 

The covariance matrix of the state vector W�XY)�	and the output vector [�X�	can be written as:  o � ��W�XY)�[�X�M � 				� ��_/W�X� � Z�X�`_7MW�X�M � \�X�M`� 				� �_/W�X�7MW�X�M` � �_/W�X�\�X�M` � �_Z�X�7MW�X�M` � E_Z�X�\�X�M` 				� /�_W�X�W�X�M`7M � �_/W�X�\�X�M` � �_Z�X�7MW�X�M` � E_Z�X�\�X�M` 				� /kll7M � �_/W�X�\�X�M` � �_Z�X�7MW�X�M` � E_Z�X�\�X�M` 				� /kll7M � E_Z�X�\�X�M` 				� /kll7M � q          (9) 

The covariance matrix of the output vector [�X�	can be written as:		
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ᴧs � ��[�X�[�X�M � 						� ���7W�X� � \�X���7MW�X�M � \�X�M�� 						� �_7W�X�7MW�X�M` � �_7W�X�\�X�M` � �_\�X�7MW�X�M` � �_\�X�\�X�M` 						� 7�_W�X�W�X�M`7M � � 						� 7kll7M � �          (10) 

From equations (6) and (9) we can assess the covariance matrix of the output vectors [�XY�� 
and [�X�: 
ᴧ� � ��[�XY��[�X�M � 					� ��_7W�XY�� � \�XY��`_7MW�X�M � \�X�M`� 					� ��_7�/�W�X� � /�S)Z�X� � /�S�Z�XY)� � ⋯� /Z�XY�S�� � Z�XY�S)�� � \�XY��`_7MW�X�M� \�X�M`� 					� ��_7/�W�X� � 7/�S)Z�X� � 7/�S�Z�XY)� � ⋯� 7/Z�XY�S�� � 7Z�XY�S)�� \�XY��`_7MW�X�M � \�X�M`� 					� ��_7/�W�X�7MW�X�M � 7/�S)Z�X�7MW�X�M � 7/�S�Z�XY)�7MW�X�M � ⋯� 7/Z�XY�S��7MW�X�M � 7Z�XY�S)�7MW�X�M � \�XY��7MW�X�M`� _7/�W�X�\�X�M � 7/�S)Z�X�\�X�M � 7/�S�Z�XY)�\�X�M � ⋯� 7/Z�XY�S��\�X�M � 7Z�XY�S)�\�X�M � \�XY��\�X�M`� 					� ��_7/�W�X�7MW�X�M` � _7/�S)Z�X�\�X�M`� 					� 7/��_W�X�W�X�M`7M � 7/�S)��Z�X�\�X�M� 					� 7/�kll7M � 7/�S)q 					� 7/�S)�/kll7M � q� 					� 7/�S)o           (11) 

From equation (11), one can see the relation between the state vector W�X�	and the output 
vector [�X� as well as the appearance of the transition matrix A (Xie, 2016). 

2. Covariance-Driven Stochastic Subspace Identification Algorithm 

The four steps of SSI-COV’s algorithm are summarized in Fig.1. 
Details are presented in the next paragraphs. 

 

Fig. 1 - Flowchart of the SSI-COV's algorithm 
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2.1. Hankel block matrix:   

The first step of SSI-COV’s algorithm is to gather the covariance matrices of the output into 
the block Hankel matrix H (p+1×q) as fallows (Döhler, 2013): 

t � u ᴧ) ᴧ� … ᴧwᴧ� ⋮ ⋮ ᴧwY)⋮ ⋮ ⋮ ⋮ᴧyY) ᴧyY� … ᴧyYw
z � u7/so 7/)o … 7/wS)o7/)o ⋮ ⋮ 7/wo⋮ ⋮ ⋮ ⋮7/yo 7/yY)o … 7/yYwS)oz 

				�
{
|}

77/7/�⋮7/y~
���o o/ o/� … o/wS)� � � ∗ 9     (12) 

 
Where O is the observability matrix and K is the controllability matrix (Van Overschee, 1996; 
Mevel, 2004). 

One of the widely-used methods, in order to compute the transition matrix A, is based on the 
observability matrix O. 

2.2. Observability Matrix:   

The observability matrix is computed, in the second step, from the decomposition of the block 
Hankel matrix H into three matrices U, S and V using the single value decomposition (SVD): 

t � �q�M � [�) ��] �q) 00 q� ≅ 0� [�)M ��M] � �)q)�)M t � �)q)s.�q)s.��)M           (13) 

Comparing equation (12) with equation (13) one obtains: 

� �
{
|}

77/7/�⋮7/y~
�� � �)q)s.�         (14) 

2.3. Transition Matrix:   

In the third step, from the observability matrix O, �↑ is obtained by removing the last block 
row and �↓ is obtained by removing the first block row (Wu 2016): 

�↑ �
{
|}

77/7/�⋮7/yS)~
��           (15) 
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�↓ �
{
|}

7/7/�⋮⋮7/y~
�� � /

{
|}

77/7/�⋮7/yS)~
�� � /�↑       (16) 

From equation (16) one obtains the transition matrix A:  / � �↑�↓#           (17) 

2.4. Eigen frequencies identification:   

In the final step, Eigen frequencies are then computed from Eigenvalues (��� of the transition 

matrix A as follows: 

�� � a�c��e             (18) 

�O� � ��	�����e            (19) 

�� � Z� 2�� � ��a��O��� � V���O��� 2�⁄        (20) 

Where �O� are the Eigenvalues of the transition matrix  /O and Z� is the ith angular frequency. 

VIBRATION-BASED DAMAGE DETECTION AND LOCALIZATION METHODS 

The change in the physical properties of a structure (Young’s modulus, stiffness...etc.) 
systematically induces a change in its dynamic characteristics (Eigen frequencies, mode 
shapes, damping…etc.). Indeed, when the structure is damaged, the stiffness K decreases and 
the damping factor ζ increases with reduction of the Eigen frequencies and modification of the 
mode shapes. Thus, the monitoring of the dynamic characteristics represents an accurate 
method of evaluation of the structure health.  
The problem lies in establishing a correct correlation between the variation of the dynamic 
characteristics, the occurrence of the damage, its location, size, severity and impact on the 
performance of the structure. 

1. Vibration-based damage detection methods  
1.1. Eigen frequencies changes  

The presence of damage in the structure induces a change in its behaviour. Since, the Eigen 
frequencies reflect the overall behaviour of the structure, the monitoring of the frequencies is 
a sensitive damage indicator (Yan 2007). This method provides an inexpensive mean for 
Structural Health Monitoring. In fact, once the Eigen frequencies are identified, the 
implementation of this method is easy and carried out as follows (Salawu, 1997; Lee 2000):  

∆� � 	��S�U��S�          (21) 

Where ��S� is the �M� Eigen frequency of the initial state (before damage) and ��S�  is the �M� 
Eigen frequency of the final state (after damage). 
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1.2. Modal assurance criterion  

The modal assurance criterion (MAC) is a comparison criterion based on mode shapes 
(Pastor, 2012). The criterion returns a matrix with values ranging between 0 and 1. Any value 
equal to 1 corresponds to a complete correlation between two measurement sets.  Any value 
between 0 and 1 corresponds to an incomplete correlation (Ndambi, 2002). The criterion is 
computed as follows: 

3/7�X � [∑ [ᴪb]��[ᴪ�]��]��) ]� ∑ �[ᴪb]����]��) ∑ �[ᴪ�]�X��]��)�      (22) 

Where ᴪb and ᴪ� are respectively the undamaged and the damaged sets of mode shapes.  

The aim of this criterion is to compare a set of initial mode shapes with a set of final mode 
shapes at the same mode j (3/7���. The derivation of the 3/7��’s values from 1 could be 
interpreted as a damage indication (Abozeid, 2006).  

2. Vibration-based damage localization methods  
2.1. Mode shape curvature changes and curvature damage factor  

The mode shape curvature allows not only to detect but also to locate structural damages. This 
method is very sensitive, at lower modes, to small disturbances caused by damages 
(Rucevskis, 2010; Pandey, 1991). 
From the mode shape displacements, and using the central difference approximation, mode 
shape curvatures are computed as follows: 

 "�,� � � �Y),� U 2 �,� �  �S),�� 	�⁄         (23) 

¢ "�,� � | "�,�¤ U  "�,�>|         (24) 

Where  �,� is the displacement corresponding to the ¥M� node and �M�  mode; h is the distance 
between two consecutive measurement nodes.  "�,� represent the mode shape curvature at the ¥M� node and �M�  mode. u and d are indexes associated to the undamaged and damaged 
structures. 

In order to reach global information concerning the damage, one can use the curvature 
damage factor (CDF) which is derived from the method of mode shape curvature change 
(Wahab, 1999). It consists in averaging the variations of the mode shape curvature at a given 
node with respect to the number of considered modes. CDF seems to be an accurate damage 
detector especially when several damages are presented in the structure (Foti, 2013; Tripathy, 
2004). This method is computed as follows: 

7Q¦ � ∑ |§"�,¨©S§"�,¨ª|«¬® ¯          (25) 

Where N is the total number of modes. 

The accuracy of detection and localization depends on the number of measurement nodes. In 
other words, the more complete the description of the mode shape, the more accurate the 
localization of the damaged area is (Abozeid, 2006; Dawari, 2013). 
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2.2. Flexibility changes   

The presence of a damage in the structure induces a stiffness decrease while flexibility 
increase. Furthermore, the flexibility method allows detection and accurate localization of the 
damage. Moreover, the flexibility converges rapidly by increasing the frequency, thus a few 
lower mode frequencies provide a good estimation of the flexibility matrix (Ndambi, 2002).  
The flexibility method is computed as follows: 

¦ � ∑ )°�± ²�²�M]��)           (26) 

∆¦ � ¦� U ¦�           (27) 

Where Z� is the ¥M� modal frequency; ²	= [²) ²� … ²]] is the mode shape matrix, F the 
flexibility matrix;	∆¦ the flexibility variation matrix;  ¦� the initial flexibility matrix 
corresponding to the undamaged structure and ¦� the final flexibility matrix corresponding to 
the damaged structure.  

For every measurement node j, we define ϒ³'  as the maximum absolute value of the 
corresponding column of  ∆¦: 

ϒ³' � max	� |∆¦��|          (28) 

ϒ³'  shows the variation of the flexibility along the measurement nodes, and thus presents a 
damage indicator (Pandey, 1994). This method is valid as long as the mode shapes are mass-
normalized to unity (²M3² � 1�. 

NUMERICAL SIMULATION  

1. Finite element model (FEM) 

The test case is a 6-storey building, shown in Fig.2. The model was conceived using shell 
element model and the properties of aged reinforced concrete (��µ¶¤]·¸�	¹¶>¤^¤��= 12 GPa,  �y¶���¶]¸�	º<M�¶�= 0.2, shell thickness = 0.15 m). 

  

Fig. 2 - Finite element model of a 6-storey building 

The seismic damage was modelled by a reduction of 80% in Young’s modulus at the 4M� floor 
as shown in Fig.3(a). It’s also assumed that 4 sensors are used in order to record accelerations. 
The position of sensors (measurement nodes) are shown in Fig.3 (b). 
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Fig. 3 - (a) Damaged building - (b) Sensors locations 
 
The structure was excited with a zero-mean white noise excitation for 25 seconds in the W»  
direction. The accelerations of nodes are recorded in both directions W» and [»  in order to 
identify the first Eigen frequencies, with the sampling period ¼n= 0.01s. 
The numerical procedure is presented in Fig.4. The aim of the new algorithm is to detect and 
locate damages following three levels: 

1- Identification of modal parameters using the SSI-COV algorithm. 
2- Damage detection using frequencies changes method and MAC. 
3- Damage localization using mode shape curvature method, CDF and flexibility 

changes.  

 
Fig. 4 - Flowchart of numerical simulation 

The SSI-COV’s algorithm was applied to identify the Eigen frequencies of the 6-storey 
building. Eigen frequencies are then used in the detection and localization levels. Frequencies 
changes and MAC methods are applied in the first place for their simplicity and sensitivity to 
damage. Once the damage is detected, one can move to the localization level. 
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2. Eigen Frequencies Identification 

SSI-COV’s algorithm results are compared with Abaqus results in both situations: undamaged 
and damaged structures.  The first 5 Eigen frequencies are presented in table 1. The results 
show a good estimation of the Eigen frequencies using SSI-COV algorithm (the frequency’s 
relative error are smaller than 2%). 

Table 1 - Comparison of identified parameters between SSI-COV and Abaqus  

 Undamaged structure Damaged structure 

Mode n° ¦<½<w¤��Hz� ¦ÀÀÁSO¶=(Hz) Error (%) ¦<½<w¤�(Hz) ¦ÀÀÁSO¶=(Hz) Error (%) 

1 3.22 3.22  0 3.16 3.16 0 

2 4.05 4.12 +1.7 4.03 4.1 +1.7 

3 5.7 5.68 -0.35 5.58 5.55 -0.54 

4 10.3 10.25 -0.49 10.06 10.04 -0.2 

5 13.16 13.2 +0.3 12.96 13 +0.3 

3. Damage detection   

The changes in the identified frequencies showed that Eigen frequencies are very sensitive to 
damage. Indeed, we noticed a reduction of 1.86% in the 1st mode frequency and a reduction of 
2.33% in the 4th mode frequency using Abaqus results (Fig.5(a)). We also noticed a reduction 
of 1.86% in the 1st mode frequency and a reduction of 2.28% in the 3rd mode frequency using 
SSI-COV algorithm (Fig.5(b)). 

We can conclude from above that changes in Eigen frequencies (i) can be considered as a 
good damage indicator, (ii) are very easy to set-up but (iii) are not suitable to locate damage. 

The modal assurance criterion compares the displacements of all the measurement nodes in 
the undamaged state with respect to their displacement in the damaged state at a given mode j 
(equation (21)). Thus, the use of all measurement nodes does not permit localization but only 
the detection of changes in mode shape due to damage. 

In Fig.6, we observe a value of 0.87 (close to 1) which indicates a small change in the mode 
shapes, specifically in the 5th mode and therefore a probable damage. 

 

 

Fig. 5 - (a) Frequencies changes using Abaqus results - (b) Frequencies changes using SSI-COV algorithm 
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Fig. 6 - Modal assurance criterion applied to the first 5 modes  

4. Damage localization  

By using the mode shape curvature method applied to the first mode and the CDF applied to 
the first 5 modes, it was found that the largest variations were located at sensors 2 and 3 
which surround the damaged storey (Fig.7). 

Regarding the flexibility method, the flexibility matrix is achieved using the first two modes. 
The damage was located between sensors 2 and 3. In fact, when the structure is damaged, its 
rigidity decreases while flexibility increases. Starting from the bottom to the top (from sensor 
4 to sensor 1), one can notice a sudden increase in the flexibility located between sensors 3 
and 2. This zone has probably undergone a structural weakening, and therefore a decrease of 
its stiffness (Fig.8). 

 
Fig. 7 - (a) Mode shapes curvature changes using the 1st mode - (b) Curvature damage factor using the first 5 

modes  

 
Fig. 8 - Flexibility changes 
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CONCLUSIONS 

In this paper, a three levels algorithm for Health Monitoring of a 6-storey building FEM was 
proposed. Starting from output accelerations, it was possible to detect and locate the damage. 
In the first level, the identification of the Eigen frequencies was carried out using the SSI-
COV algorithm under white noise excitation, which helps identify the first 5 Eigen 
frequencies with accuracy. In the second level, the Eigen frequencies method and the modal 
assurance criterion were applied to detect the damage. From simulation’s results, it was 
concluded the Eigen frequencies method is a very sensitive damage detector and is easy to 
set-up. Secondly, the modal assurance criterion allowed the identification of variation of 
mode shape. In the case of the considered FEM, the variation identified was very small. In 
order to highlight the mode shape changes it’s necessary to increase the number of modes, 
which is not easily done experimentally. Finally, in the third level, Mode shape curvatures, 
the curvature damage factor, and the flexibility method have made it possible to detect and to 
localize damage. 
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ABSTRACT  

The development of self-compacting concrete (SCC), has recently been one of the most 
important discovery in the construction industry. Knowing that by incorporating fiber, crack 
resistance and ductility improves. 

The latest research involves interests and much biosourced new materials that meet 
environmental impact. Vegetable fibers are increasingly used as reinforcing materials in the 
constructions. They are indeed a renewable resource naturally biodegradable, and have many 
mechanical and hydric quality. Among these fibers, hemp or cannabis, from an annual plant 
with rapid growth in Asia and Europe. Featuring a high tensile strength and are advantageous 
for use in a number of products such as paper, textiles and fibers reinforced concrete. 

The aim of this work is to achieve an eco-composite material self-compacting concrete 
combined with hemp and chenvotte fiber while considering the role and the influence of these 
reinforcements on the performance of these concretes. For this purpose, a comparative study 
was conducted on a SCC without fiber (SCC-C), SCC with polypropylene fibers (SCC-PP), 
SCC with DISS fiber (SCC-DIS), SCC with ALFA fiber (SCC-ALF) and SCC with Date 
palm fiber  (SCC-DP). 

The rheological properties were determined using the slump flow tests, slump flow time T500, 
L-box, J-ring, V-funnel, entrained air percentage and wet density percentage. The mechanical 
properties include compressive strength, tensile strength at 3, 7, 14, 28 and 90 days and the 
elastic modulus at 7 and 28 days and capillary porosity. The results show that it is possible to 
use the fibers vegetable as a reinforcing element in the production of fiber reinforced self-
compacting concrete. They showed good strength and a slight decrease in the workability of 
self-compacting concrete. 

Keywords: self-compacting concrete, plant fibers,  DISS fiber, ALFA fiber,  Date palm fiber, 
rheological properties, mechanical performance. 

 
 
INDRODUCTION  

The compacting concrete (SCC) is a concrete from a recent innovation in recent years is 
considerable occupy an important place in the concrete because of the benefits it offers 
industry requiring no vibration, with a flow under its own weight, even in environments dense 
reinforcement. SCC have been developed in Japan in the 1980 for use mainly for highly 
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reinforced structures. Recently, this concrete has gained wide use in many countries for 
different applications and structural configurations. 

The inclusion of fibers in the SCC will extend its advantages. These benefits would be to 
delay the propagation of cracks in structures and improve the tensile strength and flexural 
strength and toughness of the hardened concrete. Therefore, the use of fibers can increase the 
scope of application of SCC (Shihada 2011, Bouziani, Benmounah et al. 2014). 

Plant materials are a source of renewable products used in recent decades in buildings. One 
way to achieve an industry more sustainable construction and more adequate to environments. 
While proceeding to the consumption of materials in reduction of raw materials by adding 
byproducts or biosourced materials (de Almeida Melo Filho, de Andrade Silva et al. 2013). 

Given that the plant fibers are characterized by a higher water absorption value; in which the 
question arises, can we achieve self-compacting concrete containing vegetable fibers with 
acceptable workability without touching the mechanical and physical performance? 

This study examines and quantifies how the addition of different types of plant and synthetic 
fibers affect the flow characteristics of self-compacting concrete, mechanical and physical 
properties. Experimental studies were performed on concrete mixes several times in order to 
achieve a workability of SCC according to the type and amount of fiber. 

 

THE PROPORTIONS OF MIXTURES 

The SCC mix design was determined using the Bétonlab-Pro (Larrard and Sedran 1996). All 
the various data relating to the used materials were taken into account. In total, five 
formulations were prepared, with one fiber content 2 kg / m3    with the volume percentages of 
0.22%, 0.14%, 0.16% and 0.14% for SCC-PP (SCC with polypropylene), SCC-DIS (SCC 
withe Diss), BAP-DP (SCC with date palm) and BAP-ALF (SCC with alfa) respectively. A 
fixed constant point of binder (cement + limestone filler) equals to 520 kg / m3 was selected 
with the same granular skeleton and a slight adjustment on the water content and the 
superplasticizer. The purpose is to obtain a good fresh characteristic for the five mixtures. 

Table 1 - The mixing proportions of concrete developed in this study. 

Quantities 
(kg/m3) 

SCC-C SCC-PP SCC-DIS SCC-ALF SCC-DP 

Cement  400 400 400 400 400 
Limestone 
powder 

120 120 120 120 120 

Sand 804,8 804,8 804,8 804,8 804,8 
Gravel (3/8) 161,3 161,3 161,3 161,3 161,3 
Gravel (8/15) 648,8 646,8 646,8 646,8 646,8 
Water 203,2 220,2 205,54 206,5 206,5 
Superplasticizer 9,5 10,11 10,1 9,8 10,1 
fibers / 2 2 2 2 

After the completion of preliminary tests in the fresh state, it appears from Table 1 that the 
water and superplasticizer adjustment differ from one fiber to another precisely in the SCC-
PP probably due to the fibers flexibility and diameter, which cause an impediment to the 
aggregates flow, as well as the fibers absorption degree and their nature. This affects the 
values of the slump flow. About the plant fibers, we find almost the same amount of water 
and superplasticizer. 
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RESULTS AND DISCUSSION 

PROPERTY FRESH AND HARDENED 

The properties in the fresh state and mechanical (compressive strength, flexural strength) of 
tested concretes before heating are presented in Table 2.  Table 2 shows that through  
comparison of results with the criteria of  SCC, we can see that all SCCF mixtures presented 
satisfactory properties as an fresh concrete except  polypropylene  represent is a blockage  in 
confined environments. The content of the fibers we chose as expected caused a slight 
negative effect on workability and self-compacting characteristics of SCC (Shihada 2011, 
Bouziani, Benmounah et al. 2014). For polypropylene fibers the slump flow value 
considerably reduced from 73 to 60 cm. 

 

Table 2 - The results of the characterization in the fresh state 

The tests SCC-C SCC-PP SCC-DIS SCC-ALF SCC-DP 

Slump flow (cm) 73 60,5 71,5 68 69,25 
T50 (s) 2.3 3.5 3,8 3,9 3,6 
J ring (cm) 0,15 3,05 1,43 1,7 1,61 
DJ (cm) 71,5 49 65.4 62 64 
V funnele (s) 10,73 8,44 16,3 11,98 13,88 
L Box 0,91 0,45 0,75 0,84 0,83 
Sieve stability (%) 15,4 4,043 7,87 5,412 6,13 
air content (%) 1,9 1,80 1,95 2,0 1,8 
Density (t/m3) 2,34 2,31 2,37 2,36 2,39 

 
 
Rc (MPa) 

3 39,15 23,09 24,19 27,11 31,23 
7 46,06 27,76 28,39 28,495 39,06 
14 48,3 35,43 37,315 42,585 42,45 
28 50,29 37.5 39,53 45,312 46,5 

 
 

Rt (MPa) 
 

3 7,25 4,8 5,82 5,095 6,46 
7 8,46 7,47 6,745 6,391 7,64 
14 8,89 7,6 7,185 7,285 8,515 
28 9,74 8,15 7,89 7,78 8,98 

 
For the mechanical characteristics we observed that the introduction of vegetable and 
synthetic fibers systematically reduces strength to compressive and flexural these results 
confirmed by several researchers (Topçu and Uygunoğlu 2010, Bouziani, Benmounah et al. 
2014).  Nevertheless it is sufficient for structural applications.  The difference in results 
between the fibered BAP that can be explained by the form, different size and nature of fiber 
that significantly affect the porous structure of concrete consequently a considerable change 
on the mechanical performance. We also note that the kinetics of the evolution of the 
resistance between the concrete with the fibers and not containing fibers is different.  We 
explain these phenomena according to  the literature that the delay  of cementitious 
composites, mainly due to the dissolution of extractable of the fiber surface in the cement 
mixture that disrupts the hydration of cement (Sedan, Pagnoux et al. 2007, Diquélou, Gourlay 
et al. 2015)  (Tonoli, Savastano et al. 2010).  According to  D. Sedan et al (Sedan, Pagnoux et 
al. 2007) showed that the vegetable fibers of hemp in the cementitious matrix, high in pectin, 
bind to their surface the calcium ion Ca2 + and hydroxyl ions OH-.  They observed  deficit in 
ions hydroxides and calcium   the interstitial phase, causing inhibition of calcium silicate 
hydrates (CSH) and, consequently, inducing delayed setting and promotes decrease of the 
mechanical properties of cementitious materials (Tonoli, Savastano et al. 2010).   According 
to   N. Banthia and J. Sheng (Banthia and Sheng 1996) have reported that the interfacial 
bonding between the polypropylene fiber   and matrix cement is low due to their smooth 
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surface. However, polypropylene is chemically inert and hydrophobic, which eliminates the 
possibility of a chemical bond. Consequently, fibrillation has a considerable effect on binding 
(Toledo Filho, Scrivener et al. 2000). By against we note that the vegetable fibers give better 
mechanical performance than the PP fibers after 28 days because of the rough surface that 
enhances the interaction between the fibers and the matrix (de Almeida Melo Filho, de 
Andrade Silva et al. 2013) (Mouhoubi, Osmani et al. 2012). 

 

CAPILLARY POROSITY 

Capillary porosity is a micro-structural characteristic that influences the transfer properties 
and the mechanical performance of concrete (Hadjoudja 2014).  

The porosity test results of different hardened SCC-F are given graphically in Figure 1. 
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Fig. 1 - Effect of fibers on the water absorption by capillarity 

 

The values in Fig. 1 show an increase depending on the depth of the water penetration 
according to the time for all mixtures. Noting that samples with the fibers show a higher 
capillary absorption than the control samples (without fibers) (Hadjoudja 2014). As an 
example for plant fiber the percentages are varying between 10% and 22% compared to 
control. So we can say that the higher capillary absorption, the more the material is able to be 
quickly invaded by the liquid in contact. It is also a property which characterizes the 
arrangement of the material pores which absorb and transmit water by capillarity. However 
vegetable fibers after drying preconditioning will facilitate the creation of air pores that 
benefit the liquid absorption, this means that the compactness decreases. Therefore this 
phenomenon depends on the initial water quantity adjusted W/C, the fibers nature, their size 
and their absorption capacity. (Xiao and Falkner 2006).  

This leads to the conclusion with other research that the addition of fibers has an important 
influence on the initial network structure with respect to the porous permeability (Behnood 
and Ghandehari 2009).  This difference in porosity confirms that the fibers create a space 
between the concrete particles which is considered a very important parameter in order to 
avoid spalling of the concrete under the temperature rise. 
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CONCLUSION 

The study in this paper aims to contribute to better understand the effects of plant and 
synthetic fiber type on the réhologique behavior, physical and chemical performance and 
temperature evaluation. Three fibers (hemp, chennevotte and polypropylene) and a fixed 
dosage of 2 kg / m3 were studied. The following conclusions are drawn based on the results 
of the various tests and analyzes: 

- The introduction of plant fiber in the concrete, leads to a virtual increase of water. Since 
the fibers tend to water absorption. 

- However, the compactness of SCCF decreases consistently view the empty created by 
these fibers. 

- The evolution of the workability of SCC bundles decreases over time, especially in 
confined areas. 

- The SCC bundles provide compressive strengths with a slight decrease in the non-fiber 
BAP. However fluctuation results in the same range as a structural concrete. 
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ABSTRACT 

This work describes an experimental setup that was developed in order to automate the One-
dimensional consolidation properties of soil test. This experimental setup assures repeatability 
in the data acquisition test, avoiding human errors. The described setup is based on 
LabVIEW, LVDT sensors, a 16 Bit Data Acquisition Board, a Load device and a 
Consolidometer. The experimental setup was developed according to the standard ASTM 
D2435 / D2435M - 11. 

Keywords: monitoring, experimental setup, LabVIEW, consolidation properties test. 

 

INTRODUCTION 

Consolidation is the process of time-dependent settlement of saturated clayey soil when 
subjected to an increased loading. In this test a soil specimen is restrained laterally and loaded 
axially with total stress increments. Each stress increment is maintained until excess pore 
water pressures are completely dissipated. During the consolidation process, measurements 
are made of change in the specimen height and these data are used to determine the 
relationship between the effective stress and void ratio or strain, and the rate at which 
consolidation can occur by evaluating the coefficient of consolidation 

In this work, is described an experimental setup, for the Geotechnical Laboratory of the 
Polytechnic Institute of Bragança, that was developed in order to automate the one-
dimensional consolidation properties of soil test. This experimental assures repeatability in 
the data acquisition test, avoiding human errors. The experimental setup was developed 
according to the standard ASTM D2435 / D2435M - 11 [1]. The system, developed for 
acquisition and data register for soil consolidation tests, is based on an LVDT (Linear 
Variable Differential Transformer) sensor, a data acquisition board and a PC software 
LabVIEW™ application. 

 

CONSOLIDATION SETTLEMENT - CONCEPT 

Consolidation settlement occurs in clays where the value of permeability prevents the initial 
excess pore water pressures from draining away immediately. The design loading used to 
calculate consolidation settlement must be consistent with this effect. 
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The term consolidation is used to describe the pressing of soil particles into a tighter packing 
in response to an increase in effective stress as shown Fig. 1. The volume of solids remains 
constant (i.e., the compression of individual particles is negligible), only the volume of the 
voids changes. The resulting settlements is known as consolidation settlement, δc. This is the 
most important source of settlement in soils, and its analysis is one of the cornerstones of 
geotechnical engineering [2]. 

 

Fig. 1 - Consolidation of solid particles under the influence of an increasing vertical 
effective stress [2] 

 

Consolidation analysis usually focus on saturated soils (S=100%), which means the voids are 
completely filled with water. Both the water and the solids are virtually incompressible, so 
consolidation can occur only as some of the water is squeezed out of the voids. 

 

CONSOLIDATION TEST 

To predict consolidation settlement in a soil, it is necessary to know its stress-strain properties 
(i.e, the relationship between σz’ and εz). This normally involves bringing a soil sample to the 
laboratory, subjecting it to a series of loads, and measuring the corresponding settlements. 

The apparatus generally used in the laboratory to determine the primary compression 
characteristics of soil is known as the consolidation test apparatus (or oedometer) and is 
illustrated in Fig.2a. 

The soil sample is encased in a steel cutting ring. Porous discs, saturated with air-free water, 
are placed on top of and below the sample which is them inserted in the oedometer. A vertical 
load is then applied and the resulting compression measured by means of a dial gauge at 
interval time, readings being taken until the sample has achieved full consolidation (usually 
for a period of 24 hours). Further load increments are then applied and the procedure repeated, 
until the full stress range expected in situ has been covered by the test (Fig.2b). 
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The vertical pressure depends mainly on the expected site pressure, including overburden 
pressure. A load increment ratio of unity is used in conventional testing. Load increment ratio 
(LIR) of unity means that the load is doubled each time. As referred to each pressure 
increments are maintained for a period of 24 hours. The specimen consolidates with free 
drainage occurring from top and bottom faces. Dial gauge readings are noted at 6, 15, 30 secs, 
1, 2, 4, 8, 15, 30 min, 1 hr, 2, 4, 8 and 24 hrs. 

 

 
(a)                (b) 

Fig. 2 - Tensile test results: (a) consolidation apparatus; (b) typical test results [3] 

 

When consolidation under the final pressure is complete, the specimen is unloaded and 
allowed to swell. In this way an expansion to time curve can also be obtained. After the 
loading has been completely removed the final thickness of the sample can be obtained, from 
which it is possible to calculate the void ratio of soil for each stage of consolidation under the 
load increments. The graph of void ratio to consolidation pressure can then be draw, such a 
curve generally being referred to as an e-p curve (Fig.3a) 

 
(a)                       (b) 

Fig. 3 - Void ratio to effective pressure curve: a) typical e-p curve; b) effect of expansion [3] 
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The results can also be presented in a semi log graph paper with applied pressure on log scale 
at abscissa and corresponding void ratio as ordinate on linear scale. The void ratio 
corresponding to each applied LIR is defined as the pressure can be calculated from the dial 
gauge reading and dry weight of specimen is taken at the end of the test. 

 

DATA ACQUISITION SYSTEM 

The system, developed for acquisition and data register for soil consolidation tests, is based 
on an LVDT (Linear Variable Differential Transformer) sensor, a data acquisition board and a 
PC software LabVIEW™ application. The proposed system is intended to replace the analog 
existing setup, in which all the data was registered manually, as shown in Figure 4. This 
experimental setup assures repeatability in the data acquisition test, avoiding human errors. 

The applied LVDT is appropriate to be used in the existing mechanical system in order to 
execute the necessary tests. The used sensor has built in the necessary signal conditioning in 
order to obtain an output that is directly proportional to the linear displacement. The used 
sensor is DC powered and has an input range from ± 5mm. Its characteristic was obtained 
experimentally being powered with a source voltage of ± 5V. In this conditions the sensor 
sensitivity is 600mV/mm, having an output voltage of ± 3,5V and an input current of 12 mA. 

The used data acquisition board was the NI PCI-6202, which is a generic multifunctional 
board. Due to its characteristics it was considered adequate for this application, mainly due to 
its high resolution. The data acquisition board features are PCI Bus, 8 differential Analog 
inputs, 16 single ended Analog inputs, 16 bit Analog to Digital converter, sampling rate of 
250kS/s, 24 digital I/O. 

Fig.4 shows the main window of the developed LabVIEW software interface. This 
environment provides a friendly user interface for the final user. 

 

 

(a) 

 

(b) 

Fig. 4 – (a) Analog and Digital Experimental Setups; (b) Main Window of the developed 
application 
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The user has the possibility to select the sample time, being the available sample times 5, 10, 
15, 20 and 30 seconds. In the developed tests, the most commonly used sample time, was of 5 
seconds. The data is registered in a CSV file (comma separated values file), being very 
common in data acquisition systems. 

Each register adds a line to the stored file, being its limit restriction imposed by the Excel 
Software. Before the data register the user must introduce some necessary information, such 
as soil description, file name and the test location and the applied load. The applied load 
corresponds to weight of the load that can have valued from 0,25 kg to 256 kg. Each time that 
the load has to be changed, the data acquisition is stopped, this parameter has to be changed in 
the software interface, being also possible, at this moment, to change the sample time. 

In the main software window, there is some information available, namely a table with 
vertical scroll that shows the stored files, a horizontal slide that shows the LVDT output 
voltage and it is also shown the linear displacement in 10^-2 mm scale. In the user interface it 
are also available Boolean controls that allows the user to start and stop registering data and 
also to set a new zero for the sensor. 

 

RESULTS OF A REAL TEST 

This section presents the results of a real test. The results obtained in the software are 
presented in Fig. 5, where the layout file is presented (in a CSV file). Briefly, this file presents 
the time vs the vertical displacement reading. With these results, it is possible to make the 
graph presented in Fig. 6 (representation of the vertical displacement of a sample with the 
square root of time. This type of graph is used to determine the rate of soil consolidation, 
being very important to determine the time needed to process the consolidation. 

 

 

Fig. 5 - Example of csv file layout of the data acquisition program, time vs vertical 
displacement reading. 

Description of soil type P1

Start date: 03-02-2017

Seconds Minutes Hours Time Hour Data SQRT(minutes) Displacement (10^-2 mm) Applied load (kgf)

0 0 0 00:00:00 10:55:51 03/02/2017 0 31,7 2

5 0,08 0,001389 00:00:05 10:55:55 03/02/2017 0,29 32,6 2

10 0,17 0,002778 00:00:10 10:56:00 03/02/2017 0,41 32,8 2

15 0,25 0,004167 00:00:15 10:56:05 03/02/2017 0,5 32,9 2

20 0,33 0,005556 00:00:20 10:56:10 03/02/2017 0,58 33,1 2

25 0,42 0,006944 00:00:25 10:56:15 03/02/2017 0,65 33,6 2

30 0,5 0,008333 00:00:30 10:56:20 03/02/2017 0,71 33,6 2

35 0,58 0,009722 00:00:35 10:56:25 03/02/2017 0,76 34,1 2

40 0,67 0,011111 00:00:40 10:56:30 03/02/2017 0,82 34,3 2

45 0,75 0,0125 00:00:45 10:56:35 03/02/2017 0,87 34,5 2

50 0,83 0,013889 00:00:50 10:56:40 03/02/2017 0,91 34,6 2

55 0,92 0,015278 00:00:55 10:56:45 03/02/2017 0,96 34,9 2

60 1 0,016667 00:01:00 10:56:50 03/02/2017 1 35 2

65 1,08 0,018056 00:01:05 10:56:55 03/02/2017 1,04 35,4 2

70 1,17 0,019444 00:01:10 10:57:00 03/02/2017 1,08 35,4 2

75 1,25 0,020833 00:01:15 10:57:05 03/02/2017 1,12 36 2

80 1,33 0,022222 00:01:20 10:57:10 03/02/2017 1,15 36,1 2

85 1,42 0,023611 00:01:25 10:57:15 03/02/2017 1,19 36,2 2



Topic-I: Civil Engineering Applications 
 
 

-930- 

 
Fig. 6 - Vertical displacement of a sample with the square root of the time (in minutes). 

 

CONCLUSIONS AND FUTURE WORK 

This paper describes an experimental setup that was developed in order to automate the One-
dimensional consolidation properties of soil test. This experimental setup has the goal to 
assure repeatability in the data acquisition test, avoiding human errors. The described setup is 
based on LabVIEW, LVDT sensors, a 16 Bit Data Acquisition Board, a Load device and a 
Consolidometer. The experimental setup was developed according to the standard ASTM 
D2435 / D2435M - 11. As future work, the authors intend to expand the experiment working 
with three consolidation cells simultaneously, sharing the same data acquisition board. This 
approach has as goal speeding up the consolidation tests, allowing a better rentabilization of 
the data acquisition board, which is an expensive resource. 
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ABSTRACT 

The computer aided design is realized today by the significant development of computational 
tools. These computer codes are often intended for advanced design phase of projects. 
However, there is to our knowledge very few design support tools in preliminary design 
phase. Indeed, in the life cycle of a construction project, the design phase is often the place of 
conflicting situations that prevent the overall optimization of the said projects production 
costs. During this phase, various technical treatments should be held to verify the feasibility 
of the works in relation to the structural constraints, neighborhood, implementation, etc... In 
this work, we propose a formulation of the optimization problem of the overall design of a 
simple metal structure and a methodology of resolution based on the approach of Genetic 
Algorithms. The aim is to minimize the overall execution cost. 

Keywords: multidisciplinary optimization, numerical programming, genetic algorithms. 

 

INTRODUCTION 

The building industry has knew many improvements, so much on an architectural level as 
technological and economic  levels  due to the results provided by the scientific research. 
However, one still feels the need that this work (or product) must be perfected yet. It is 
therefore to optimize the qualities of multi-levels building. In the life cycle of a metallic   
structure, the design phase is often the location of discontinuities which prevent the overall 
optimization of production costs. During this phase, various technical treatments take place to 
test the feasibility of the structure, in terms of structural constraints, neighborhood, 
implementation, etc. However, these verifications take place once the designer has made the 
main choices on the shape of the structure, the arrangement of the different components, the 
holder system, the foundation system, etc. These choices influence considerably the technical 
and economic characteristics of the project and the realization of the structure. The traditional 
approach of optimization of metallic structures is based on the minimization of weigh of the 
structure. However, the assemblies rarely exceed 5% of total weight of a structure. This low 
percentage hides in reality a high cost which can reach 30%  of the  total  manufacturing cost  
of a structure [Hamchaoui, 1997]. Indeed, the cost of a structure consists mainly by the cost of 
labor which essentially depends on the complexity of the assemblies. An optimized structure 
definition, made only on the unique weight criterion may therefore lead to structural 
arrangements far from optimal in terms of realization cost. 

On the other hand, the modeling of assemblies can affect, significantly, the distribution of 
internal forces in the structure and also the forces to resume in the foundations. That is why 
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Eurocode 3 (through its National Application Document) now allows the use and justification 
of semi-rigid connections. The aim is to approach as much as possible, the actual behavior of 
connections. The Taking into account of the behavior of nodes in the overall analysis is an 
innovative but promising aspect. The economic benefits of this approach were the subject of 
various benchmarking [Colson et al, 1996]. Its implementation is greatly facilitated by 
appropriate analysis software already available on the market [Galea et al, 1998] and various 
aids to calculation and to characterizing the nodes [Jaspart, 1994]. The optimization of the 
global design process of steel structures therefore requires anticipating further upstream 
construction problems in the early steps of design. For this, we have developed an 
optimization methodology based on minimizing the total cost of realization of the structure.  

 

RESULTS AND CONCLUSIONS 

The structure we studied is as represented in figure 1 (a), and modelled by the approach of 
genetic algorithms (b). 

 
(a) 

 
(b) 

Fig. 1 - Structure and genetic algorithms model 

To be able to be used in Genetic Algorithm, the dimensional characteristics of different 
standard profiles are stored in the form of a database in which they are coded. To do this, we 
propose an integer coding allowing to distinguish the type of the profile (IPE, HE A, HEB, 
etc.) as well as its number in the list. Information about the type of connections and supports 
of a design solution is also encoded in the Genetic Algorithm through a string of integers.  
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ABSTRACT 

This study illustrates as the project draw role doesn’t exaust it in to prefigure what the 
concluded work must be. Rather, the elaborate graphic must have care to illustrate how the 
processes are to be conducted on site in order to explain the implementation phase: the goal is 
to accompany the work from concept to final delivery. 

Keywords: draw, project, process, innovation. 

 

INTRODUCTION 

In the building you can see how in recent years we have made great strides in terms of quality 
building products. However, this fact is not matched by an adequate increase in the quality of 
the product, indeed. The issue then is to relate the improvements that the industry has 
introduced producing increasingly efficient building materials with the production activities 
of building manufacturing, an activity that is often carried out by low-skilled workers and 
largely characterized by problematic fragmentation of subjects called into question. 

The matter is becoming particularly remarkable today. The entrepreneurial classes which have 
always added up in themselves the roles of developers and builders are disappearing and are 
catching on institutional investors. In this context it is assumed there is a great expectation 
about the buildings quality in different terms than in the past and this expectation can not be 
satisfied other than in terms of creative and productive process innovation. 

 

RESULTS AND CONCLUSIONS 

The research shows that, in the building, one should be aware that the project lives of two 
components. First the project consists of a set of technical documents, drawings and reports 
describing the work and they foreshadow the physicality. At this knowledge, however, it 
should be combined with a range of knowledge which relates to the actual organization of the 
building construction procedures itself, known as process activities. The building context is 
characterized by the lack of repetition of the procedures or from similar but never equal 
activities. All sites are different from each other due to environmental conditions or to type of 
article and for more production activity takes place in the open, second phases which then 
suffer from uncontrollable external conditions. Furthermore, as in the case of historical 
buildings recovery, they can manifest themselves unpredictable variables to be charged to the 
disclosure in work of the artifact. In this context it is then clear how the technical design, 
which in engineering terms is characterized in dimensioning reason over that of analysis of 
the deformations to which are subject the resistant sections, should be accompanied by 
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procedural documents. In building case, these are made up of drawings which show to the 
workers how to do, and also how to work in order to reach the correct construction of the 
building. Then, technical drawing must be considered as a language of communication, 
managerial and organizational. 

In doing so the technological innovation about which new materials and technologies are 
carriers is not dispersed by incorrect use of the latter: the project draw becomes the means 
through which embodies the technological innovation, Figure 1. 
 

 
Fig. 1 - Project management: executive draw related to a structural recovery 
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ABSTRACT 

This work investigates the influence of mineral and chemical admixtures in reinforcement 
corrosion through pull-out tests. Chloride induced corrosion was fomented and pull-out tests 
were carried out. Pull-out testing is shown to be a suitable approach to assess corrosion level 
in reinforced concrete. The used chemical admixture has proven to perform better than the 
mineral admixture regarding corrosion resistance. 

Keywords: corrosion, concrete, steel, bond. 

 

INTRODUCTION 

In reinforced concrete structures one of the most common factors determining the end of 
service life is deterioration by reinforcement (steel) corrosion. For this particular deterioration 
mechanism, service life is usually divided in two periods: initiation and propagation (Tuutti 
1982). The frontier between the two periods is the moment when aggressive agents reach the 
steel embedded in concrete. Mineral and chemical admixtures are used to extend initiation 
period, propagation period or both. The admixtures influence on the duration of the initiation 
period is commonly assessed through durability indicators such as carbonation and chloride 
diffusion coefficients, determined in accelerated testing conditions. To assess the influence of 
admixtures in the propagation period different tests are required, usually encompassing 
electrochemical techniques and equipment, with whom designers are not very familiar. 

This study addresses the assessment of admixtures (mineral, chemical and both) influence on 
reinforced concrete corrosion, using another test procedure which is claimed to be more user-
friendly to designers than the usual electrochemical techniques. Reinforcement corrosion in 
concrete is a destructive oxidation of steel that occurs at steel surface, i.e. at steel-concrete 
interface, therefore affecting bond between both materials. Thus, pull-out test is considered 
promising to assess corrosion effects/intensity, avoiding electrochemical techniques. 

 

EXPERIMENTAL 

A concrete mix with a water-cement ratio of 0.7 and a cement content of 280 kg/m3 was used 
as reference concrete (O). The remaining mixes were modifications of O, by adding: spent 
fluid cracking catalyst (SFCC), mix Z; a liquid corrosion inhibitor, based on 
dimethylaminoethanol (DMEA), mix I; SFCC and DMEA, mix H. Test specimens were cubes 
with 150 mm edge, cast with an incorporated 120 mm diameter and 500 m length smooth 
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steel rebar at their center. Specimens were demolded 24 hours after casting and water cured 
for 6 days. Then they were subjected to 7 dry-wetting cycles using a Nacl saturated solution 
to induce rebar corrosion.  The pull-out test setup was similar to the one defined in EN 10080- 
Annex D.  

 

RESULTS AND CONCLUSIONS 

Load-slip relationships were established from the test data (Fig. 1). The highest ultimate load 
was for mix O, while the lowest ultimate load is disputed between mixes I and ZI.  

 
Fig. 1 - Relationship between load and slip 

 
According to Fang et al. (2004), for smooth reinforcing bars, at low to medium corrosion 
levels, bond strength increases as the corrosion level increases. Therefore, the pull-out test 
results indicate that the most affected by corrosion is the reinforcement in mix O, while the 
reinforcement in mixes I and ZI are the least affected. These can be explained by the positive 
impact of SFCC and corrosion inhibitor on prolonging the initiation period (Neves et al. 
2015) and by the effect of the corrosion inhibitor in the propagation period. As for chloride 
induced corrosion the propagation period is significantly shorter than the initiation period, the 
beneficial impact of SFCC on the initiation period is negligible when this mineral admixture 
acts together with the corrosion inhibitor.  

This study shows that a pull-out test is suitable to compare corrosion levels in reinforced 
concrete. Furthermore, the corrosion inhibitor has shown to be more effective than SFCC in 
decreasing corrosion level. Nevertheless, the use of SFCC is also beneficial. 
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ABSTRACT 

A slender arch bridge has been studied by means of two approaches based on completely 
different assumptions: the Non Linear Analysis, suitable to represent the evolution of the 
structural behaviour in terms of both displacements and internal forces, all along the load path 
until the collapse, and the Limit Analysis, which highlights the mechanism of collapse and 
determines the ultimate value of the load multiplier. Within the limits of the two 
methodologies, the results are compared and discussed, outlining the effects on the numerical 
solutions of the concrete effectiveness factor and of the steel strain hardening. 

Keywords: Arch bridge, Concrete structures, Limit analysis, Non Linear analysis. 

 

INTRODUCTION 

Modellization of Reinforced Concrete (R.C.) structures by means of beam elements is the 
most used tool of analysis in Civil Engineering design. For skeleton analyses the frame 
modellization perfectly fits the actual structure, but plane and spatial frames are used also to 
discretize continuous systems, like shear walls and bridge decks, made of orthotropic 
grillages. Frame analysis possesses many relevant characteristics. First of all, it is 
characterized by simplicity and geometrical effectiveness in modelling the actual structure. 
These properties make the planning of the analyses easy to do and simple to be verified. 
Moreover, it works through generalized stresses (i.e. axial force N, shear force V, bending 
moment M and torque moment T) and not with local stresses ( ijσ ). Such synthetic 

representation of the internal stresses conforms to that, based on N, V, M, T, establishing the 
basic theory of the reinforced and prestressed concrete.  

The linear elastic analyses (LEA) require only the modulus of elasticity and the gross 
dimensions of the member composing the skeleton. The resulting internal forces can be 
immediately used for proportioning the structural element, that is for refining the sectional 
dimensions and for computing the amount of the reinforcement. 

In non linear analyses (NLA), both concrete and steel reinforcement contribute in defining 
the internal work which leads to the iterative research of the equilibrium. It gives in this way a 
more deepen assessment of the interaction mechanisms between concrete and steel 
reinforcement. Basic mechanisms are those based on axial-bending interaction only (Kang, 
1980), (Bontempi, 1995), but there are beam elements based on more rich shape functions, 
which allow to take into account also the membrane effects and model the shear behavior 
(Bairan, 2007), (Quagliaroli, 2014). Many sorts of refinements to the frame analysis have 
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been reported in Literature, for instance to improve the modelling of cracking and 
deformability or to take into account bond-slip effects (Bontempi, 2000). Non Linear analyses 
require the material constitutive laws and a failure criterion, the dimensions and reinforcement 
of the member composing the structure and a loading history. The results allow a thorough 
description of the structural behavior (displacements and internal stresses, onset and 
conventional extension of cracking) and identify the ultimate load when the equilibrium is no 
longer satisfied. Of common interest are the load displacements curves of certain 
characteristic control nodes, which help to understand the behavior of the structure till the 
collapse. 

A different tool to analyze the behavior of a framed structure and to assess its bearing 
capacity, determining the collapse load, is the limit analysis (LA), based on the plastic theory 
(Prager, 1955), (Dorn, 1957), (Massonnet, 1965), (Nielsen, 1984). Limit analysis works with 
rigid perfectly-plastic constitutive laws of the materials (concrete and steel) and requires the 
dimensions and reinforcement of the member composing the structure and a loading 
configuration, which can be composed of a fixed contribution and of a variable part, to be 
increased by a loading multiplier λ . The results are expressed in terms of the kinematic of the 
mechanism activated at the collapse (collapse mode) and of the collapse multiplier λ . 

Hence, considering the same structure, the NLA represents the evolution of its behavior, in 
terms both of displacements and internal forces, all along the load path until the collapse. The 
LA highlights the mechanism of collapse as well as the axial force and bending moment 
distributions and determines the ultimate value of the load multiplier. 

This paper, after short recalls of the essentials of Limit and Non Linear Analysis, studies with 
both the methods an existing R.C. slender arch bridge and compares the relevant results. Two 
aspects are highlighted: the complementary of the information given by the two methods (the 
load history versus the collapse mode) and the intensity of the ultimate loads. In an ideal 
comparison, the ultimate load given by the two different analyses is the only common and 
comparable result and one expects that, apart truncation and rounding approximations, it is 
unique. In truth, some differences may exist. The sources of these differences, referred to the 
case studied, are analyzed and discussed and may result a useful reference in approaching 
analogous problems. 

 

A BRIEF RECALL OF A MATRIX APPROACH TO THE LIMIT ANALYSIS  

The Limit Analysis of plane framed structures has been widely studied by many Authors. In 
particular, we refer to the formulation of the method presented in the works by (Martinez y 
Cabrera, 1977) and, recently, by (Biondini, 2008). 

The axial force N  and the bending moment M  are the interacting generalized plastic 
stresses. Shear effects are neglected. Stresses and correlative generalized plastic strains, 
represented by the cross-sectional axial elongation l∆  and bending rotation θ , are related by 
a rigid perfectly-plastic constitutive law Fig.1(a), (b). In this way, the behavior of the discrete 
cross-sections where the plastic strains tend to develop, can be represented by a generalized 
plastic hinge that allows a free axial-bending kinematic behavior and, at the same time, fully 
transfers the corresponding plastic values of the axial force and bending moment. Locus of 
the ultimate axial forces and bending moments is the frontier of the interaction domain 
associated to each section. We assume that the formation of plastic hinges occurs at the ends 
of the elements. The resulting approximations can be overcome by increasing the number of 
the elements. 
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(a) Axial force - displacement. 

 
(b) Bending moment - rotation. 

 
(c) M-N domain. 

Fig. 1 - Limit analysis hypotheses: rigid plastic constitutive law and M-N domain. 
 

The plastic collapse is reached when the set of generalized plastic hinges allows the activation 
of a kinematic mechanism, for which the equilibrium can no longer be satisfied. In order to 
apply the two fundamental theorems of limit analysis, global equilibrium and compatibility 
equations are derived considering the generic structure of Fig.2(a) subdivided in finite 
elements as shown in Fig.2(b). End forces and generalized stresses of the beam element are 
assumed in accordance with the conventions and reference system shown in Fig.2(c). In the 
discretization, distributed loads are replaced by equivalent concentrated loads applied in an 
appropriate number of cross-sections. Finer mesh subdivisions can be introduced to increase 
the accuracy. 

 

 
(a) Geometry. 

 
(b) Mesh. 

 
(c) Reference system. 

Fig. 2 - Limit analysis: structural geometry, structural mesh and reference system. 
 

Matrix Formulation. 

For the generic j-th element of the structure, the equilibrium conditions are set in accordance 
to the force method. In the local coordinate system, shown in Fig.3(a), by removing the rigid 

body motions, the relationship between the internal forces [ ]T
i i ir N M=  at the sections (

0x = ; jx l= ) and the basic forces jQ at the end nodes 1n , 2n  and that between the end global 

forces jQ  (Fig. 5(a)) and jQ , are given, respectively, by the following equilibrium equations: 

1

2

3

1 0 0

0 ( / 1) /
i

i

Q
N

Q
M x l x l

Q

 
     =     −     

 (1) 
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By introducing the transformation matrix αT :  

0

0
α

 
=  

 

T 0
T

0 T
           with        0

cos sin 0
sin cos 0

0 0 1

α α
α α

− 
 =
 
 

T  (3) 

we derive the nodal forces in the global reference system ,g jQ  from the local ones jQ , 

through the relationship: 

            ,g j jα=Q T Q       , ,( )g j l j g j jα= ⋅ = ⋅Q T h Q H Q  (4) 

where ,g jH  is the transformed equilibrium matrix, for the j-th element. 

By assembling over all the ne elements, we obtain the global equilibrium equations which 
correlate the vector tQ , containing all the element basic forces, to the external nodal forces 

vector eF , by means of the equilibrium matrix H  of the whole structure, derived as follows: 

, ,
1 1

( ) ( )
ne ne

e g j g j j t
j j= =

= = ⋅ = ⋅∑ ∑F Q H Q H QA A  (5) 

 

 
(a) Basic forces - Static field. 

 
(b) Basic displacement - Kinematic field. 

Fig. 3 - Static and Kinematic field: element without rigid body modes. 
 

Compatibility conditions are derived through the Virtual Force Principle, by equating the 

virtual internal work T
i t tWδ δ= Q q  and external one T

e eWδ δ= F s . From Eq.(5), we have 

e tδ δ=F H Q  and stating e iW Wδ δ= , we obtain: 

T T T
t t tδ δ=Q H s Q q  (6) 

Since such an equation is valid for any choice of T
tδQ , the compatibility equations are finally 

obtained: 

T
t = ⋅q H s  (7) 
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The compatibility matrix TH  is the transposed of the equilibrium matrix H . In these 
correspondences, the vector of the forces eF  works for that of the displacements s  in the 

global reference system, as the vector of the basic forces tQ  works for that of the basic 

displacements tq  (Fig.3(b)). 

Basic hypotheses. Yield Condition. Flow Rule. 

We assume that before the collapse the displacements are small and the structure is stable. 
Limit analysis considers materials modelled through rigid perfectly-plastic constitutive laws. 
The material behavior is defined through the following two conditions: 

(a) a yielding criterion, which defines the stress state corresponding to the start of the plastic 
flow. The yield function must be convex. 

(b) the flow rule, which correlates the increments of the plastic strains to the actual stress 
state. The flow rule is associated to the yielding surface (normality rule).  

In the present case, where the only active generalized plastic stresses for the i-th critical cross 
section are the axial force iN  and the bending moment iM , the yielding criterion has the 

shape shown in Fig.1(c), which can be defined by the equation ( , ) 0i i if N M = . The stress state 

must verify the condition ( , ) 0i i if N M ≤ . The frontier of such a domain can be reasonably 

idealized by a stepwise approximation. Adopting a conservative approach, the stepwise 
frontier is assumed inscribed within the actual one. By assuming a stepwise linearization with 
q sides, for each i-th plastic domain (Fig.4), the yielding criterion for the i-th critical cross 
section may be written in matrix form as follows:  

0Φ N r ki i i i= − ≤  (8) 

where: 1 2 ...Φ
i

Ti i i
i qφ φ φ =   , 1 2 ...

i

Ti i i
i q =  N n n n , 1 2n

j

Ti i i
j jn n =   ,

1 2 ...k 0
i

Ti i i
i qk k k = ≥   

For each element and, assembling these conditions for the whole structure, the yield criterion 
becomes: 

0i i i i= − ≤Φ N Q k       ⇒       
1

( ) 0
ne

t j t
j=

= = − ≤∑Φ Φ NQ kA  (9) 

The associated flow rule for i-th critical cross-section is given by the equations: 

d

i
i i

i
i

i
i i

i

f
l

N

f
M

µ

θ µ

∂∆ = ∂
= 

∂ =
 ∂

 (10) 

where id  is the vector of plastic strains, normal in each point to the frontier and 0iµ ≥  is the 

multiplier that allows plastic flows only for the points lying on the yielding curve, for which 

the normal is oriented outside the domain, that is ( ), 0i i i if n mµ = . For the linearized case with 

q sides, by introducing the vector 1 2 ...µ
Ti i i

i qµ µ µ =   collecting the terms j
iµ  relative to 

each side of the linearized frontier, the following notation is derived: 
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T
i i i= ⋅d N µ             with          

1, ,0

0

i i
j j

i

j qµ φ = ⋅ =


> µ

L

 (11) 

The flow rule can be written for the generic element by connecting the vector of plastic strain 

id  with the vector of basic displacement q  by means of the compatibility equations.  
T
i i= ⋅q N µ  (12) 

By assembling all the element contributions for the entire structure:  

1

( )
ne

T
j

j=

= = ⋅∑q q N µA    with       
1, ,0

0

i i
j j j qµ φ = ⋅ =


> µ

L

 (13) 

 

 
Fig. 4 - Linearized plastic domain. Yield criterion and normality rule. 

 

The static and the kinematic approach. 

With reference to a generic structure, let 0P  be a vector of constant loads and P  a vector of 

loads whose intensity varies proportionally to a unique multiplier 0λ ≥ . We assume that for 
0λ = , equilibrium and compatibility are satisfied. We search for the multiplier cλ  associated 

to the collapse load (collapse multiplier).  

On the basis of the two fundamental theorems of limit analysis, we can restate the limit 
analysis as a problem of linear mathematical programming. In mathematical terms, the upper 
and lower bound theorems are traduced in the following dual linear constrained optimization 
problems, solved here by means of the Simplex Method. 
 

Lower bound theorem: 

{ }0max | , , 0c t tλ λ λ λ= − = − ≤ ≥P HQ P NQ k  
(14) 

 

Upper bound theorem: 

{ }0 | , 1, 0T T T T T
c minλ µ= − − = = ≥k µ P s N µ H s 0 P s  

(15) 

In this way, Eq.(14) requires finding a maximum multiplier, while Eq.(15) a minimum one. It 
must be outlined that in the second case, the minimum condition is related to the work done 
by the proportional loads P  for the displacements s  associated with the collapse mechanism. 
Since this mechanism is correlated to an arbitrary multiplier, it results univocally identified by 
the condition 1T =P s . As known, the uniqueness of cλ  does not necessarily mean the 

uniqueness of the collapse mechanism, or that of the stress field at collapse. 
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A BRIEF RECALL OF NON-LINEAR ANALYSIS WITH R.C. BEAMS ELEMENTS 

The non-linear analysis is based on a special type of R.C. beam element previously 
formulated by Bontempi and Malerba (Bontempi, 1995), (Bontempi, 1997), (Martinez y 
Cabrera, 1997). 

According to the Bernoulli-Navier theory, we assume that any beam section rotates remaining 

plane. At the section of abscissa ( )0 x l≤ ≤ , the axial and transversal displacements 

[ ]0 0( ) ( )
T

u x v x=u  depend on the nodal displacement T
1 2 3 4 5 6[ ]T q q q q q q=q  by means 

of the following equation:  

1 4

2 3 5 6

( ) 0 0 ( ) 0 0
( ) ( )

0 ( ) ( ) 0 ( ) ( )
a

b

N x N x
x x

N x N x N x N x

   
= = =   

   

N 0
u q q N q

0 N
 (16) 

where ( )xN  is a matrix of displacement functions, usually based on cubic Hermitian 

polynomials for the transverse displacement fields bN  and linear Lagrangian shape functions 

for the axial displacement aN . 

The generalized strains are the axial elongation and the curvature [ ]s 0( ) ( ) ( )
T

x x xε χ=e , 

derived from Eq.(16), by means of the following relationship:  

1, 4,
s 2

2, 3, 5, 6,

2

0 0 0 0
( ) ( )

0 0

a

x x

xx xx xx xxb

N Nx
x x

N N N N

x

∂ 
   ∂

= = =   
∂   

 ∂ 

N
0

e q B q
N

0
 (17) 

In the same section, the normal strain ( , )x x x yε ε=  at a fiber at the distance y from the beam 

axis is given by: 

( ) ( )T T
x s s sx xε = =a e a B q     with    [ ]1s y= −a  (18) 

Through the Principle of Virtual Displacements, we state that the virtual internal work iWδ  

equals the external one eWδ , due to:  

(a) the distributed applied loads acting along the axis of the beam 
T

p x yp p =  f ; 

(b) the forces directly applied at the nodes 
T

n xi yi i xj yj jF F M F F M =  f ;  

(c) the end forces through which the beam interacts with the rest of the structure 

[ ]1 2 3 4 5 6

T

q Q Q Q Q Q Q=f .  

For a virtual displacement δq , the virtual external work eWδ  is: 

e 0

0

( ) ( )

        = ( ) ( )

        

l T T T
p n q

l T T T T
p n q

T
ne n q

W x x dx

x x dx

δ δ δ δ

δ δ δ

δ

= ⋅ + ⋅ + ⋅ =

⋅ + ⋅ + ⋅ =

 = + + 

∫

∫

u f q f q f

q N f q f q f

q f f f

 
(19) 

where nef  are the equivalent nodal forces. For a virtual displacement δq , the corresponding 

virtual strain is ( ) ( )T T
x s s sx xδε δ δ= ⋅ = ⋅a e a B q  and the virtual internal work iWδ  results: 
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( )0 0

0 0

( , ) ( , ) ( ) ( ) ( , )  

       = ( ) ( ) ( , ) ( ) ( )

       = ( ) ( ) ( ) ( )

T T T
i x x s s xV V

l lT T T
s s x s sA

l lT T T T T
s s q

W x y x y dV x y x y dV

x y x y dA dx x x dx

x x dx x x dx

δ δε σ δ σ

δ σ δ

δ δ δ

= ⋅ = ⋅ =

⋅ = ⋅ =

⋅ = ⋅ = ⋅

∫ ∫

∫ ∫ ∫

∫ ∫

e a

e a e f

q B f q B f q f

 (20) 

where [ ]( ) ( ) ( , )
T T

s s xA
x N M y x y dAσ= = ⋅∫f a  are the section restoring forces and qf  the 

element restoring forces as reported in Fig.5(a).   

0 0
( ) ( ) ( ) ( ) ( )

l lT T
q s s ex x dx x x x dx = ⋅ = ⋅ ⋅ ⋅ = ⋅  ∫ ∫f B f B k B q k q  

(21) 

The element stiffness matrix 
0

( ) ( ) ( )
l T

e sx x x dx= ⋅ ⋅∫k B k B  is function of the stiffness matrix 

( )s xk  of the section at the abscissa x. The matrix sk  is computed for each section by 

integration over the area of the composite element and by assembling the contributes of 
concrete and steel.  In order to deal with sections of arbitrary shape, the generic cross-section 
is divided into subdomains. Through a parametric transformation of each subdomain into a 
unit square parent domain, Gaussian integration rules can be carried out with several 
integration strategies, as shown in Fig.6 (Quagliaroli, 2015). The so-called “fiber method” is a 
particular case of these integration procedures.  

Relating these quantities to the global reference system and by assembling the equilibrium 
equation of the whole structure the following relationship is obtained:  

⋅ =K s f  (22) 

where K  is the assembled stiffness matrix, s  the unknown displacements of the whole 
structure and f  the vector of the applied loads. The nonlinear system in Eq.(22) is solved 
through a secant approach, with the following convergence criteria. 

(a) Displacement criterion  
1

1

i i

i
toll

−−
≤

s s

s
 (23) 

(b) Energy criterion 

2

( ( ) ( ))

( )

i i i
r

i i
r

toll
⋅ −

≤
⋅

s f s f s

s f s
 (24) 

(c) Out-of-balance load criterion 

3( ) ( )i i
r toll− ≤f s f s  (25) 

where rf  is the vector of the assembled restoring forces. At the end of each iteration, the 

solution obtained should be checked to see whether it has converged within preset tolerances. 
This iterative procedure continues until one of this state is achieved: 

1. Equilibrium between internal and external forces is guaranteed. 

2. Strain in concrete or steel reaches the limit value (collapse of the corresponding section 
occurs). 

3. Loss of equilibrium, since the reactions request for the applied loads f  can no longer be 
developed. 
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(a) Static quantities. 

 
(b) Kinematic quantities. 

Fig. 5 - Beam element notations. Static and kinematic fields. 
 

 
Fig. 6 - Integration strategies on the beam element (left side) and on the section (right side). The section is 

divided into sub-domains and the integration works sampling in a parent domain by using parametric 
transformations. The so called “fiber approach” is a particular case of these integration procedures. 

 

APPLICATION TO A SLENDER ARCH BRIDGE 

Structure, materials and loads.  

A R.C. slender arch bridge, crossing the Corace River (Gimigliano, Cosenza, Italy, 1955), is 
studied (Galli, 1985). The arch has a span l = 80 m and a rise f = 26.10 m. At platform level 
the total height is h = 27.00 m. Fig.7 shows the bridge geometry. Table 1 summarises the 
overall dimensions and Table 2 reports the nodal coordinates of the left half of the arch. Eight 
internal columns subdivide the upper girder into nine segments each with a different 
reinforcement. Table 3 lists the type and the total amount of bars of each segment. Table 4 
lists the reinforcement characteristics of the arch segments and of the columns.  

As concerns the material characteristics, in the Non Linear Analysis, concrete is modelled by 
a no-tension uniaxial stress-strain law, according to Sargin formulation. The design 
compression strength is 30cf = − MPa , with a transition strain 0 0.002cε = −  and an ultimate 

strain 0.0035cuε = − . The steel is described by an bilinear stress-strain diagram, symmetric 

both in tension and compression, with a yielding stress 300syf = MPa , elastic modulus 

206000sE = MPa , hardening modulus 4100hE = MPa  ( 0,2h sE E � ) and ultimate limit 
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strain 0.010suε = . In the Limit Analysis, only the concrete compression strength and the steel 

yielding stress are involved. Table 5 summarises the material properties. 

 

 
Fig. 7 - Corace Bridge. Geometric characteristics and loading condition. The encircled numbers identify the 

different reinforcement of the sections distribution along the beam. The letters inclosed in squares identify the 
section type of the columns. 

 

Table 1 - Overall dimension. 

l 80.00 m 

f 26.10 m  

h 27.00 m  

0g  102.9 kN m  

1g  85.0 kN m  

p 53.3 kN m  
 

Table 2  - Nodal coordinates of the arch left half. 

x [m] y [m] 

0.00 0.00 

8.89 11.43 

17.80 19.04 

26.70 23.76 

35.60 25.98 

40.00 26.10 
 

 

Table 3  - Top '
sA  [mm2] and bottom sA  [mm2]  reinforcements for different segments of the upper girder. 

Girder 1 2 3 4 5 6 7 8 9 

'
sA  19465.31 36090.62  32396.10  25007.08  21312.56  36090.02  36090.62  34243.36  26854.33  

sA  12930.80  18472.56  25861.59  14778.05  14778.05  12930.80  22167.08  16625.31 14778.05  

 

Table 4 - Reinforcement distribution in the arch and in the columns. 

Element Arch Column Type A Column Type B Column Type C 

'
sA  27708.85  3053.63  3053.63  3053.63  

sA  27708.85  3053.63  3053.63  3053.63  
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Table 5 - Material characteristics assumed in the constitutive law. 

Concrete 30cf =  MPa  0.0035cuε = −  0
0.002

c
ε = −  

 

Ordinary Steel 300syf =  MPa  0.01suε =  206000sE =  MPa  4100hE =  MPa  

 

The applied load is composed of a fixed contribution, corresponding to the dead loads of the 
girder ( 0 102.90g = kN m ) and of the arch ( 1 85.00g = kN m ), and of a variable part, 

corresponding to the live load ( 53.30p =  kN m ), to be increased until to the collapse. With 
reference to this structure, both Non Linear and Limit analyses have been carried out. 

 

 

 

(a) Deck Beam. 

 

 

(b) Arch. 

 

(c) Column Type A. 

 

(d) Column Type B. 

 

(e) Column Type C. 

Fig. 8 - Corace Bridge. Geometry and reinforcement of the characteristic sections: (a) Girder; (b) Arch;  
(c) Column Type A; (d) Column Type B; (e) Column Type C. 

 

Main results of the analyses.  

Fig.9 shows the progressive evolution of the deformed shapes obtained from the step-by-step 
Non Linear Analysis for the live loading levels equal to 0%, 10%, 50%, 90% of the collapse 
load. Fig.10 shows the axial force and bending moment distributions just before the collapse.  

 

Table 6 - Collapse loads resulting from Limit and Non Linear Analyses. 

  Collapse Load  p  Load Factor λ  

Non Linear Analysis (NLA) 214  kN m  4.01  

Limit Analysis (LA) 217  kN m  4.08  

 

The results of the Limit Analysis are reported in Fig.11 and Fig.12. Figs.11(a), (b) show the 
axial force and bending moment distributions at incipient collapse. The lower bound theorem 
predicts the formation of the twelve plastic hinges, shown in Fig.12. on the scheme which 
presents the collapse mechanism of the structure. Figs.12(b), (c), (d), (e) show the points 
representing the ultimate values of the internal forces N and M on the linearized frontiers of 



Topic-I: Civil Engineering Applications 
 
 

-948- 

the most relevant sections corresponding to plastic hinges in the arch and in the upper girder.  
The collapse loads, derived from both analyses, are reported in Table 6. 

 

 
(a) Step 0. g+λp; λ=0% of the collapse load. 

 
(b) Step 1. g+λp; λ=10% of the collapse load. 

 
(c) Step 2. g+λp; λ=50% of the collapse load. 

 
(d) Step 3. g+λp; λ=90% of the collapse load. 

Fig. 9 - Non Linear Analysis. Progressive evolution of the deformed configurations obtained by increasing the 
live load p until the collapse load is reached. 
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(a) Axial Force. 

 

(a) Axial Force. 

 

(b) Bending Moment. 

 

(b) Bending Moment. 

Fig. 10 - Non Linear Analysis. Internal stresses N and 
M just before the live load p equals the collapse. 

Fig. 11 - Limit Analysis. Internal stresses N 
and M at the collapse load. 

 

Analysis and comments of the results 

A slender arch bridge has been studied by means of two approaches based on completely 
different assumptions: the NLA represents the evolution of the structural behavior in terms 
both of displacements and internal forces, all along the load path until the collapse; the LA 
highlights the mechanism of collapse and determines the ultimate value of the load multiplier. 
A comparison is possible in terms of the global response of the structure, but a direct 
comparison of numerical quantities is not possible.  

In effect, the deformed shape of the structure at the incipient collapse given by the NLA 
(Fig.9) agrees with the shape of the collapse mechanism given by the LA (Fig.12(a)) and the 
location of the main plastic hinges well corresponds to that of the most stressed sections 
according to NLA. There is also a good correspondence between the axial force and bending 
moment distributions at incipient collapse and between the intensities of the collapse loads, as 
shown in Table 7. 
 

Table 7 - Comparisons between Limit and Non Linear Analyses. 

Limit Analysis Collapse Load 
Load   

Non Linear Analysis Collapse Load Load  p  

Limit Analysis without 
effectiveness factor 217  kN m  

Non Linear Analysis with 
elastic hardening steel 
behaviour 

214  kN m  

Limit Analysis with 
effectiveness factor 210  kN m  

Non Linear Analysis with 
elastic perfectly plastic steel 
behaviour 

157  kN m  
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(a) Collapse mechanism (λ=4.08). 

 
(b) Arch. 

 
(c) Arch. 

 
(d) Girder - Segment 4. 

 
(e) Girder - Segment 3. 

Fig. 12 - Limit Analysis. (a) Distribution of the plastic hinges which transform the structure into a mechanism.  
(b÷e) Points representing the ultimate values of the internal forces N and M on the linearized frontiers of the 

most relevant sections corresponding to plastic hinges in the arch and in the upper girder. 

 
Comments on the results 

These results were obtained after a set of comparative studies, which started from an initial 
response, very similar to that just exposed. The only difference was the use of an elastic 
perfectly plastic steel behaviour ( 0h sE E = ), which led to an ultimate load  

157 /NLAp kN m=  versus  217 /LAp kN m= . Such a difference may be explained as follows. 

P.H.1 

P.H.3 

P.H.6 

P.H.8 

P.H.9 
P.H.11 
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First of all, the Limit Analysis is based on the radical assumption that a material maintains its 
maximum stress level for strains of arbitrary magnitude (infinite ductility) and on the 
application of the normality criterion. It follows that these assumptions lead to overestimate 
the load carrying capacity. In order to take into account the fact that the assumptions of the 
LA are not always and fully satisfied when applied to reinforced concrete structures, many 
Authors (Exner, 1979), (Nilsen, 1984) suggest the introduction of a corrective effectiveness 
factor ( 1eν ≤ ), which factorizes the characteristic concrete strength before its use for the 

calculation of the carrying capacity of a structure. Design standards and literature suggest as 
conservative value 0.85 300e cfν = − , which, for 230cf N mm= , results 0.75eν = . By 

using such a reduction factor, the Limit Analysis gave as ultimate load 210 /LAp kN m= , 

equivalent to (-3.2%) with respect the initial one. Such negligible difference is fully justified. 
The effectiveness factor plays a crucial role in defining the bearing capacity of highly 
compressed concrete zones, like the stress block in bending, the struts of the shear 
mechanisms or the struts of a strut and tie model. In the present case, all the sections have a 
low degree of reinforcement and the collapse is driven by the yielding the steel.  

On the other side, in the evolutive Non Linear Analysis the ultimate load is that for which the 
model reaches for the last time an equilibrium configuration, without violating the 
convergence conditions. This depends on the degree of refinement of the structural 
discretization and on the level of the loading increments at high level of the strains. The last 
iterations struggle to converge and usually lead to underestimate the ultimate load. In fact, if 
the steel strain hardens soon after the onset of yielding, the elastic perfectly plastic law leads 
to underestimate the steel stress at high strains (Park, 1975). The introduction of a light 
hardening property in the steel constitutive law, in this case 0.02h sE E � , contributes in 

stabilizing and in extending the solution. As noted by Kappos (Kappos, 1997), the steel strain 
hardening better describes the behaviour of plastic hinge zones, since it allows the 
development of bending moments higher than those corresponding to first yielding at sections 
beyond the critical one, spreading of a plastic mechanism in larger parts of the member. Such 
a choice stabilizes the solution and, as shown, allows a better comparison between the two 
sets of results.  

From the computational point of view, it would be appropriate to dedicate a future research to 
the study of the effects of light strain hardening of the steel on the structural response in the 
area immediately before the collapse. 

 

CONCLUSIONS 

After short recalls of the essentials of Non Linear and Limit Analysis, this paper studies an 
existing R.C. slender arch bridge with both methods and compares the most important results. 
Two aspects are highlighted: the complementarity of the information given by the two 
methods (the load history versus the collapse mode) and the intensity of the ultimate loads. In 
an ideal comparison, the ultimate load provided by the two different analyses is the only 
common and comparable result and, apart from truncation and rounding approximations, one 
expects this value to be unique. Actually, some differences may exist. Within the limits of the 
two methodologies, the results are compared and discussed, outlining the effects on the 
numerical solutions of the concrete effectiveness factor and of the steel strain hardening. 
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ABSTRACT 

One of the major natural calamities is earth quake, which come arise due to ground shakes. 
The variations of earthquake forces are random and have different intensity from place to 
place. Low rise buildings easily withstand against these accelerations as compared to high rise 
buildings which are succumbed to damage more rigorously. The Western region of Saudi 
Arabia lies in low to moderate seismicity regions. Majority of the structures built are 
seismically active & are designed primarily for combination of gravity and wind loads with 
no consideration of seismic loading. The areas near the holy city of Madinah city recorded 
seismic events of magnitude 5.7 in 2009.Therefore the performance based analysis of 
buildings are required to understand the seismic performances. The seismic design of 
masonry in-filled RC frame buildings is handled in different ways across the world.  

Keywords: seismic retrofitting, Structural dynamics, earthquake engineering. 

 

INTRODUCTION 

Structures are vulnerable to Earthquakes and dynamic loading and they must be properly 
evaluated in design, as they greatly affect stability. The key factor is acceleration which is 
based on concept of Performance based seismic design. In this method, a model is developed 
using seismic design to comprehend the structural real behavior (ASCE 2010).  The Western 
region of Saudi Arabia lies in low to moderate seismicity regions. Majority of the structures 
built are seismically active & are designed primarily for combination of gravity and wind 
loads with no consideration of seismic loading Alguhane (2014).  The areas near the holy city 
of Madinah city recorded seismic events of magnitude 5.7 in 2009. Therefore, analysis of 
such buildings is required to understand the seismic performances. (Bhatti 2013, 2016, Varum 
et al., 2013). 

 

RESULTS AND CONCLUSIONS 

This study focuses on performance based seismic design (PBSD) of high rise buildings of 
commercial and residential area of the Madinah province of Saudi Arabia. These buildings 
were constructed in late eighties and early nineties. The selected buildings are modeled in 
SAP 2000 and pushover analysis (nonlinear static analysis) is done, subjecting to 
monotonically increasing loads until the performance level is achieved. Nonlinear static 
procedure is simply based on the assumption that the response of a structure can be related to 
the response of an equivalent single degree of freedom system. The simulation models of the 
building are shown in Fig. 1. and Fig 2 for unbraced frame and braced framed respectively. 
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The results from analysis are shown in various hing colours. The fourteen hinges fall in 
collapse point (CP) and two hinges in collapse for unbraced frame. However by providing 
cross bracing the collapse point hinges and collapse hinges will be shifted within the safety 
limits. 

         
     Fig. 1 - Formation of Hinges for Unbraced Model                        Fig. 2 - Hinges for Braced Model 
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ABSTRACT 

During the design for concrete durability; especially in situations where concrete is exposed 
to moisture it is important to consider the permeability parameter (k); which it can be 
improved by using additions, including microsilica (MS). The purpose of this research is to 
quantify the effect produced by small amounts of MS [5-10%] in the concrete permeability; 
the designed mixtures correspond to w/c rates from 0.40 to 0.60 and test ages 28, 56 and 100 
days. The method used to determine the permeability parameter "k" was the hydrostatic 
pressure on one side of the specimen to determine the volume of water passing through or 
penetrates the material due to the pressure difference between its faces (similar to Darcy's 
experiment). The results show significant reductions in "k" due to the MS. 

Keywords:  microsilica, permeability, addition, durability, water pressure. 

 

INTRODUCTION 

The design of the concrete is commonly specified as a function of structural strength and 
stability, related to the compressive strength. It is now known that this is not sufficient to 
guarantee the concrete durability, therefore, specifications and durability recommendations 
must be established. The concrete durability is related to its ability to resist the action of 
weather, chemicals, abrasives or agents that generate deterioration process (American 
Concrete Institute, 2010). The penetrability of concrete is based on 3 mechanisms: 
permeability, capillary suction and ion migration (BERSZAKIEWICZ, 2008). 

In the present research the permeability mechanism is analyzed for which the cylindrical 
specimens of concrete will be submitted to a constant hydrostatic pressure of 0.5MPa and 
uniform flow; Applying a water pressure directly on the concrete in order to calculate the 
permeability parameter "k", establishing comparisons, differences and improvements in 
obtaining the results of these tests with simple concrete and with addition of microsilica (5% 
and 10%). Permeability parameters that are taken as reference are those indicated in the 
standards of the ACI 318, UNE EN 12390 and NTC 4483. 

 

THEORETICAL FRAMEWORK 

Micosilica 

Microsilica (MS), is widely used to produce high strength concrete, due to its puzzolanic 
reactivity. As reported by many authors, supplementary cementitious materials such as MS 
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have a beneficial influence on the durability of reinforced concrete. (ACI COMMITTEE 234, 
2015) 

The influence of microsilica on permeability in concrete has been studied from different 
perspectives such as transport properties (YÉPEZ, 2012) and chloride resistance (Fidjestol, 
1997), its influence together with air-entraining agents (Pangil Choi, 2016) and its impact on 
the durability (MM Hossain, 2016), all validate the benefits of microsilica in concrete and 
mortar. 

 

Permeability analysis methods 

In Peru the most widely used method is the rapid permeability test of chlorides (based on 
electrical properties), which is normalized according to ASTM C1202, this test measures the 
exchange of chloride ions through the concrete. 

The Spanish norm UNE EN 12390 describes the process to measure the permeability as a 
function of the amount of water entering the concrete by applying water pressure of 500 ± 50 
kPa for three days to break the samples longitudinally according to ASTM C496C / C496M 
and measure the depth of penetration, which is the result reported. 

In Latin America other standard such as the Chilean NCh 2262 are observed in which 
different pressures are applied, increasing in time, 0.1 MPa for 48 hours, then 0.3 MPa for 24 
hours and finally 0.7 MPa for another 24 hours, with a tolerance range of 10% and finally 
measure the depth of penetration similar to the Spanish standard mentioned above. 

Another case is Colombian standard NTC 4483 where the water pressure is applied at 0.5 ± 
0.05 MPa for 4 days and depending on what happens during the test is that it considers two 
cases, when the water crosses the sample completely, it is measured the flow of water through 
the concrete; and the second case when the water only penetrates to a certain depth, where the 
average penetration depth is measured. 

 

Method of measurement by pressure method according to NTC 4483 

In order to determine the permeability parameter (K), cylindrical specimens of at least 15 cm 
diameter by 15 cm with a curing time of more than 28 days are required to ensure that cement 
hydration has been completed. 

Then, the upper and lower faces wear out to avoid taking erroneous data, as they have 
different properties than the inside of the specimen. 

The samples are dried in an oven, then the side surface of each of the samples is waterproofed 
by the use of a waterproofing paint. 

They are then placed in the test equipment, applying a water pressure of 0.5 MPa, leaving the 
test pieces at this pressure for 4 days until one of the two options occur. 

Case 1: If the water passes through the sample, a flow of water is measured 

In this first case, the water will completely pass through the specimen, ie the specimen will be 
saturated and a flow of water will be felt on the opposite side to which the pressure is applied. 

Once steady flow is established, the volume of water that pass through the specimen at a 
given time, either by making measurements of water level in the measuring cylinder or 
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measuring the flow in a vessel against time it will be determined. The permeability coefficient 
can be calculated from the following equation. 

 

9 � ÃÄÅm(/ 																					�1� 
Where:  

K: Permeability parameter (m/s) Ã: Water density (kg/m3) 

g: Gravity acceleration (m/s2) 

L: Specimen length (m) 

Q: Water flow (m3/s) 

P: Water pressure (N/m2) 

A: Cross-sectional area of the specimen (m2) 

 

Case 2: If the water does not pass through the sample, the depth of water 
penetration is measured. 

After 2 days without constant flow, the specimen is immediately sectioned perpendicular to 
the face on which the water pressure was applied by the indirect tensile test (ASTM C496), 
and the average depth of penetration. 

Once the average depth of penetration has been determined, it is possible to deduce the 
permeability coefficient by means of the equation: 

 

9 � Q�:2¼																			�2� 

Where:  

K: Permeability parameter (m/s) 

D: Depth of penetration (m) Æ: Porosity (determined by ASTM C642) 

T: Time necessary to penetrate the D depth  (s) 

h: Water pressure load (m). 

 

In this investigation we will measure the permeability using the standard NTC 4483: 1998 and 
thus determine the values of k. 

 

RESULTS AND CONCLUSIONS 

The results of compressive strength and permeability both in terms of the parameter "k" as the 
penetration depth are shown in Table 1 and Figures 1, 2 and 3.  
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Table 1 - Compressive Strength and Permeability tests results 

w/c ratio 0.4 0.45 0.5 0.55 0.6 
Age (days) 28 56 100 28 56 100 28 56 100 28 56 100 28 56 100 
  Permeability Parameter k  (x10-13 m/s) 

Simple 
37.4

6 
10.1

4 
2.83 50.5 23.9 

5.9
8 

110.2
1 

33.0
5 

13.1
8 

192 46.5 28.5 
324.2

3 
107.6

9 
61.4 

5% MS 3.09 2.71 1.72 4.31 4.22 
2.4
0 

5.51 5.45 3.23 6.25 5.24 3.29 7.50 5.58 4.13 

10% MS 1.06 0.95 0.25 1.58 1.34 
0.4
2 

2.24 1.81 0.51 3.59 2.88 0.63 4.26 3.02 0.81 

  Average Penetration Depth (mm) 

Simple 35.3 
21.0

4 
10.1

1 
41.5

7 
27.2

8 
14.
3 

51.92 
31.3

9 
19.7

8 
72.2

3 
34.0

4 
27.8

2 
76.37 46.84 

38.7
2 

5% MS 
12.7

5 
11.9

5 
9.52 

13.2
1 

13.0
7 

9.8
6 

13.41 
13.3

4 
10.2

7 
14.2

2 
13.0

8 
10.3

6 
15.23 13.13 11.3 
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  Average compressive strength at 28 days (kg/cm2) 
Simple 475 453 426 398 330 
5% MS 642.5 638.5 545.5 498 436 

10% MS 730 692 638.5 517.5 511 

 

 
Fig. 1 - Permeability Parameter k versus Age 
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Fig. 2 - Average Penetration Depdth versus Age 

 

 
Fig. 3 - Average compressive strength at 28 days versus W/c ratio 
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From these results it is observed that: 

1. In all cases of permeability parameter at 28 days age, with additions of microsilica 
obtained values of permeability parameter in the range of 0.25x10-13 to 7.50x10-13, 
according to NTC 4483 these values indicate as low permeability classification. 

2. At the age of 28 days in all designs with additions of microsilica, the penetration depth 
were less than 16 mm, according to NTC 4483 these values indicate as low permeability 
classification. 

3. At the age of 56 days, in the mix designs with additions of microsilica identified as 
MS10%-0.60 and MS10%-0.55; It is observed that the values of k, are very similar so 
that to achieve a k of 3x10-13; the optimal mix is with w/c rate = 0.60 with10% MS. 

4. At the age of 56 days, the mix designs MS5% -0.60, MS5% -0.55 and MS5% -0.50 
obtained very approximate k values. From which it can be concluded that the mixture 
identified as MS5% -0.60 with optimal costs. 

5. It is observed that at 56 days, the mixtures MS5% -0.6, MS5% -0.55, MS5% -0.5, MS5% 
-0.45 and MS5% -0.4 tend to the depth of penetration value equal to 13mm; The mixtures 
of MS10% -0.6 and MS10% 0.55, tend to 10mm and mixtures MS10% -0.5, MS10% -
0.45 and MS10% -0.4 tend to 8mm. 

6. The lower permeability at 100 days was obtained with MS10%-0.40 design with the 
permeability parameter k = 2.52x10-14 and penetration depth equal to 3.75 mm, far 
exceeding what established by the NTC 4483 for a low permeability concrete. 

7. On the average compressive strength at 28 days age it is verified once again the benefits 
of the addition of microsilica with respect to the simple concrete. 

 

RECOMMENDATIONS 

1. Continue with permeability measurements with other additions such as: limestone filler, 
meta kaolin, pozzolans and others since in the present investigation showed that the 
additions can improve the permeability. 

2. Analyze the elastic behavior of concrete with additions of microsilica. 

3. Make measurements of porosity over time in concrete improved with additions. 

4. Perform measurements of capillarity over time in concrete improved with additions. 

5. Study the durability of waterproof concrete with additions to aggressive media such as 
SO4, Cl-, Organic material, weathering, carbonation and others. 

6. Using data mining (neural networks), the permeability parameter and depth of penetration 
of a concrete mix with microsilica additions can be predicted. 
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ABSTRACT 

Numerical modeling and analysis of masonry structures is one of the greatest challenges faced 
by structural engineers. This difficulty is attributed to the presence of joints as the major 
source of weakness, discontinuity and nonlinearity as well as the existence of uncertainties in 
the material and geometrical properties. In this paper, an anisotropic (orthotropic) finite 
element model is proposed for the macro-modeling of masonry structures. Based on this FE 
macro-model a computer code has been developed for the structural design and analysis of 
unreinforced masonry (URM) walls under plane stress. During the development procedure, 
special attention has been given at the graphic imaging of the analysis results. The program 
possesses the capability of automatic crack pattern generation and associated damage indices 
for a set of masonry failure criteria. These damage indices data have been proven to be an 
effective tool for the selection of the optimum repair scenario. The derived results in 
comparison with the available experimental findings demonstrate that the proposed procedure 
is effective and robust for the modelling and seismic assessment of masonry structures 
compared to available ones. Furthermore, the derived crack patterns seem to be a useful tool 
for the selection of the optimum scenario of the masonry structures. 

Keywords: damage index, failure criteria, historical mortars, masonry structures, material 
anisotropy, finite element modelling, seismic assessment. 

 

INTRODUCTION 

Masonry structures are vulnerable to earthquakes, but their modeling and seismic assessment 
remains a challenge task both for scientists and practicing engineers. This mainly has to do 
with their complex, discontinue and multi face behavior as a material that exhibits distinct 
directional properties because the mortar joints act as planes of weakness. Furthermore, their 
brittle behavior and the considerable scatter of material mechanical properties make their 
structural modeling more complicated and difficult. 

Utilizing numerical methods for the structural analysis of masonry structures contributes to a 
more thorough understanding of their structural behavior and to its more accurate protection 
and conservation. Among the plethora of computational methods and approaches, continuum 
mechanics finite element models, comprise one of the most widely used methodologies for 
the analysis of large masonry structures. Their extensive use is the outcome of a compromise 
between the accurate representation of the masonry’s structural response and the 
computational cost incurred for analysing large structures. Nevertheless, despite such 
advantages, finite-element macro-models encounter two important challenges, namely, the 
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realistic representation of damage and a satisfactory independency of the solution to the 
structure of the used mesh discretization. 

In this paper, an anisotropic (orthotropic) finite element model is proposed for the macro-
modeling of masonry structures. Based on this FE macro-model, a computer code, in 
MATLAB environment, has been developed for the structural modeling and seismic 
vulnerability assessment of unreinforced masonry structures using a set of masonry failure 
criteria. 

 

FINITE ELEMENT MACRO-MODEL 

The basic concepts of the finite element method are well documented and will not be repeated 
in this paper. Only the essential features will be presented. In this paper, an anisotropic 
(orthotropic) finite element model is proposed for the macro-modeling of masonry structures. 
Specifically, a four-node isoparametric rectangular finite element model with 8 degrees of 
freedom (DOF) has been used (Fig. 1).  

 
   

x,u   

y,v   

2   1   

3   4   

a   

b   
a
b

=β  

 
Fig. 1 - Finite element macro-model dimensions 

 

The major assumption of modeling the masonry behavior under plane stress is that the 
material is homogeneous and anisotropic. Especially, the material shows a different modulus 
of elasticity ��l� in the x direction (direction parallel to the bed joints of brick masonry) and a 
different modulus of elasticity _��` in the y direction (perpendicular to the bed joints). In the 
case of plane stress the elasticity matrix is defined by 

 

E � Ç±ÈÉÊ)SË±
ÌÍ
ÍÍ
Î )ÇÊÈÉÊ

ËÉÊÇÊÈÉÊ 0
ÏÉÊÇÉÈÉÊ )ÇÉÈÉÊ 0
0 0 )SË±Ç± ÐÑ

ÑÑ
Ò
      (1) 

 

where  l� and  �l are the Poisson’s ratios in the xy and yx plane respectively, and ol� is the 
shear modulus in the xy plane. 
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FINITE ELEMENT CODE 

Based on the above proposed FE macro-model, a computer code called MAFEA (MAsonry 
Finite Element Analysis), in MATLAB environment, has been developed for the structural 
design and analysis of unreinforced masonry (URM) walls. During the development 
procedure, special attention has been given to matrix processing techniques that economize 
storage and solution time by taking advantage of the special structure of the stiffness matrix. 
Especially, based on the symmetry, sparse, and band form to the principle diagonal of the 
stiffness matrix an iterative solution technique -such as the Gaussian elimination algorithm 
tailored to the specific case of banded matrix (half bandwidth)- is used for the solution of 
linear system equations of the structure. 

During the development procedure, special attention has been given at the graphic imaging of 
the analysis results. The program possesses the capability of automatic crack pattern 
generation and associated damage indices for a set of masonry failure criteria. Specifically, 
anisotropic failure criteria such as the cubic tensor polynomial (Syrmakezis & Asteris 2001, 
Asteris 2010 & 2013) and isotropic failure criteria such as the ones proposed by Syrmakezis 
et al. 1995 and Kupfer et al. 1969 have been implemented in the program. For each criterion, 
a color image is generated depicting the failure areas of the masonry wall and highlighting in 
distinct ways the kind of stress underpinning the failure. 

 

DAMAGE INDEX 

Damage control in a building is a complex task, especially under seismic action. There are 
several response parameters that can be instrumental in determining the level of damage that a 
particular structure suffers during a ground motion; the most important ones are: deformation, 
relative velocity, absolute acceleration, and plastic energy dissipation (viscous or hysteretic). 
Controlling the level of damage in a structure consists primarily in controlling its maximum 
response. Damage indices establish analytical relationships between the maximum and/or 
cumulative response of structural components and the level of damage they exhibit (Park et 
al. 1987). A performance-based numerical methodology is possible if, through the use of 
damage indices, limits can be established to the maximum and cumulative response of the 
structure, as a function of the desired performance of the building for the different levels of 
the design ground motion. Once the response limits have been established, it is then possible 
to estimate the mechanical characteristics that need to be supplied to the building so that its 
response is likely to remain within the limits. 

For the case of masonry structures a new damage index is proposed by Asteris, which 
employs as response parameter the percentage of the damaged area of the structure relatively 
to the total area of the structure. The proposed damage index (DI), for a masonry structure can 
be estimated by  

 

100][ ×=
totA
failA

DI       (2) 

 

where failA  is the damaged surface area of the structure and totA  the total surface area of the 

structure. 
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EXAMPLES 

Two unreinforced masonry walls (Figure 2) under plane stress state were studied using the 
MAFEA program presented in the previous section, in order to quantify and to assess their 
seismic vulnerability. The mechanical characteristics of the masonry material are presented in 
Table 1. These cases have been selected as representative cases of flexural shear walls and of 
shear walls. It should be noted that the developed stress strongly depends on the type of the 
structural system. Especially, for flexural shear walls under seismic loading, most regions of 
the walls are under biaxial heterosemeous stress state. 

 

 

 

Fig. 2 - 2D anisotropic masonry walls with two openings  
 

 

Both cases were studied for values of peak ground acceleration from 0.00 to 0.80 by step 
0.08. Furthermore, for each one masonry wall the crack pattern have been derived (Figure 3) 
for two isotopic failure criteria. For each case, the failure areas were computed using the 
failure criterion proposed by Syrmakezis et al. 1995 as well as the failure criterion proposed 
by Kupfer et al. 1969. These two isotropic failure criteria have been adopted widely by many 
researchers for the failure estimation of masonry structures assuming masonry material as an 
isotropic material dispite its strongly anisotropic nature. Furthermore, a damage index for 
each criterion was computed. This kind of information is very useful for the cases 
necessitating the proposal of reinforcement measures for the constructions under study. This 
is due to the fact that different sets of reinforcement measures are needed for wall regions 
failing under biaxial tension, under biaxial compression, and under heterosemous stress state. 
The failure criteria are utilized to extract fragility curves regarding each failure criterion 
regarding the use of various restoration mortars toward the selection of the optimum repair 
scenario. Specifically, in this manner, the optimum restoration mortar in regards to the 
enhancement of the building’s behavior under seismic action can be selected. Restoration 
mortars of compressive strength values 5, 10 and 15 MPa (Table 1) were evaluated, in order 
to cover the whole range of mechanical properties presented by restoration mortars, which 
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have been assessed to be compatible for use in monuments and historical buildings 
(Moropoulou et al. 2005). 

The damage indices are presented in Figures 4 and 5 for the existing structure as well as for 
the three cases of repaired structures with the above mentioned three restoration mortars. 
These indices are very useful for the assessment of the seismic vulnerability of the existing 
masonry structures and for the quantitative estimation of the structures’ vulnerability. In other 
words, these damage indices facilitate, in a significant manner, the determination (selection 
decision) of the optimum restoration scenario (among a plethora of restoration scenarios). 

 

Table 1 - Materials Elastic Properties 
 

Material 

Moduli of elasticity 
[MPa] 

Compressive 
Strengths 

[MPa] 

Tensile 
Strengths 

[MPa] 

Poison’s 
ratios 

xE  yE  x
cf  

y
cf  

x
tf  

y
tf  

xyν  yxν  

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

Masonry* 4362.5 7555.0 4.3625 7.5550 0.40 0.10 0.20 

Restoration Mortar A 5000.00 5.00 5/8 0.20 

Restoration Mortar B 10000.00 10.00 10/10 0.20 

Restoration Mortar C 15000.00 15.00 15/12 0.20 

* The values of this masonry material have been estimated experimentally by Page (1981). 

 

 

CONCLUSIONS 

The derived results in comparison with the available experimental findings- demonstrate that 
the proposed procedure is effective and robust for the modelling and seismic assessment of 
masonry structures compared to available ones. Furthermore, the derived crack patterns seem 
to be a reliable means for the selection of the most suitable and effective restoration scenario 
of the masonry structures. This is due to the fact that different sets of reinforcement measures 
are needed for wall regions failing under biaxial tension, under biaxial compression, and 
under heterosemous stress state. 
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PGA=0.24g-Syrmakezis et al. 1995 

 

PGA=0.24g-Kupfer et al. 1969 

 

PGA=0.32g-Syrmakezis et al. 1995 
 

PGA=0.32g-Kupfer et al. 1969 

 

PGA=0.40g-Syrmakezis et al. 1995 

 

PGA=0.40g-Kupfer et al. 1969 

 

 

 
Fig. 3 - Mapping cracking pattern of masonry wall with two openings (Existing structure) 
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(a) Existing structure (Syrmakezis) (b) Existing structure (Kupfer) 

  
(c) Repaired structure - fmc=5MPa (Syrmakezis) (d) Repaired structure - fmc=5MPa (Kupfer) 

  
(e) Repaired structure - fmc=10MPa (Syrmakezis) (f) Repaired structure - fmc=10MPa (Kupfer) 

  
(g) Repaired structure - fmc=15MPa (Syrmakezis) (h) Repaired structure - fmc=15MPa (Kupfer) 

Fig. 4 - Damage indices for the existing flexural shear wall as well as for the three case of 
restoration scenarios with mortar compressive strength fmc=5MPa, fmc=10MPa and 

fmc=15MPa using Kupfer and Syrmakezis failure criterion 
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(a) Existing structure (Syrmakezis) (b) Existing structure (Kupfer) 

  
(c) Repaired structure - fmc=5MPa (Syrmakezis) (d) Repaired structure - fmc=5MPa  (Kupfer) 

  
(e) Repaired structure - fmc=10MPa (Syrmakezis) (f) Repaired structure - fmc=10MPa (Kupfer) 

  
(g) Repaired structure - fmc=15MPa (Syrmakezis) (h) Repaired structure - fmc=15MPa (Kupfer) 

Fig. 5 - Damage indices for the existing shear wall as well as for the three case of 
restoration scenarios with mortar compressive strength fmc=5MPa, fmc=10MPa and 

fmc=15MPa, using Kupfer and Syrmakezis failure criterion 
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ABSTRACT 

In this paper, the application of soft computing techniques such as surrogate models for the 
prediction of the soilcrete materials’ properties has been investigated. Specifically, the 
application of Artificial Neural Networks (ANNs) models for the prediction of mechanical 
properties such as the 28-day compressive strength has been studied. To this end, a new 
normalization technique for the pre-processing of data is proposed. The comparison of the 
derived results with the available experimental data demonstrates the capability of ANNs to 
predict with pinpoint accuracy the compressive strength. Furthermore, the proposed 
normalization technique has been proven effective and robust compared to the available ones. 

Keywords: artificial neural networks, back propagation neural networks, compressive 
strength, normalization techniques, soilcrete materials, 

 ultrasonic pulse velocity. 

 

INTRODUCTION 

Eco-friendly, low-cost, sustainable construction materials for utilization in civil engineering 
projects have attracted much attention during the last decades. To this end, soilcretes are non-
conventional construction materials produced by mixing natural soil such as natural clay or 
limestone sand with a hydraulic binder and are being under detailed and in-depth 
investigation by many researchers recently (Kolovos et al. 2013, Asteris et al. 2017, Helson et 
al. 2017, Kim & Kim 2017). Soilcrete belongs to a family of concretes, which can be used, 
under conditions, when environmental or economic constraints limit the use of coarse 
aggregates, since it can exploit amounts of proper soils, rocks, or even recycled concrete 
materials that are present in abundance. Its main components are fine aggregate (clay and/or 
sand), ordinary Portland cement, water at an appropriate ratio and rarely mineral admixtures, 
thus rendering it a composite material.  

Artificial neural networks (ANNs) have emerged the last decades as an attractive modelling 
technique applicable to vast number of scientific fields including material science among 
others. The main characteristic of this method is that a surrogate model can be constructed 
after a training process with only a few available data, which can be used in order to predict 
pre-selected model parameters, reducing the need for time- and money-consuming 
experiments. So far, literature includes publications in which ANN were used for predicting 
the compressive strength and modulus of elasticity (Dias and Pooliyadda 2001, Lee 2003, 
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Topçu and Saridemir 2008, Trtnik et al. 2009) and for modelling  the characteristics of 
concrete materials  (Waszczyszyn and Ziemiański 2001; Belalia Douma et al. 2016; 
Mashhadban et al 2016; Açikgenç et al. 2015). Moreover, similar methods such as fuzzy logic 
and genetic algorithms have also been used for modelling the compressive strength of 
concrete materials (Baykasoǧlu et al. 2004, Akkurt et al. 2004, Özcan et al. 2009). A detailed 
and in-depth state of the art report can be found in Adeli 2001, Safiuddin et al. 2016, 
Mansouri and Kisi 2015 and Mansouri et al. 2016. 

Properties of soilcrete materials depict a strong nonlinear nature based on the parameters 
involved in their composition; furthermore, the nonlinear behavior makes the development of 
an analytical formula for the prediction of the mechanical properties using deterministic 
methods a rather difficult issue.  In this work, the modeling of the mechanical characteristics 
of soilcrete materials has been detailed and in-depth investigated using soft computing 
techniques such as artificial intelligence (AI) techniques. Specifically, the application of ANN 
models for the prediction of the 28-day compressive strength of sand-crete materials has been 
investigated.  

 

ARTIFICIAL NEURAL NETWORKS 

This section summarizes the mathematical and computational aspects of artificial neural 
networks. In general, ANNs are information-processing models configured for a specific 
application through a training process. A trained ANN maps a given input onto a specific 
output and thereby can be considered to be similar to a response surface method. The main 
advantage of a trained ANN over conventional numerical analysis procedures (e.g. regression 
analysis) is that the results can be produced with much less computational effort (Hornik et al. 
1989, Adeli 2991, Plevris and Asteris 2014 and 2015, Giovanis and Papadopoulos 2015, 
Asteris and Plevris 2013 and 2016, Asteris et al. 2016). 

General 
The concept of an artificial neural network is based on the concept of the biological neural 
network of the human brain. The basic building block of the ANN is the artificial neuron, 
which is a mathematical model trying to mimic the behaviour of the biological neuron. 
Information is passed into the artificial neuron as input and it is processed with a 
mathematical function leading to an output which determines the behaviour of the neuron 
(similar to fire-or-not situation for the biological neuron). Before the information enters the 
neuron, it is weighted in order to approximate the random nature of the biological neuron. A 
group of such neurons consists of an ANN in a manner similar to biological neural networks. 
In order to set up an ANN, one needs to define: i) The architecture of the ANN, ii) the 
training algorithm, which will be used for the ANN learning phase, and iii) the mathematical 
functions describing the mathematical model. The architecture, or topology, of the ANN 
describes the way the artificial neurons are organized in the group and how information flows 
within the network. For example, if the neurons are organized in more than one layers then 
the network is called a multilayer ANN. Regarding the training phase of the ANN, it can be 
considered as a function minimization problem, in which the  optimum value of weights need 
to be determined by minimizing an error function. Depending on the optimization algorithms 
used for this purpose, different types of ANNs exist. Finally, the two mathematical functions 
that define the behaviour of each neuron are the summation function and the activation 
function. In the present study, we use a back-propagation neural network (BPNN), which is 
described in the next section.  
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Architecture of BPNN 

A BPNN is a feed-forward, multilayer network i.e. information flows only from the  input 
towards the output with no back loops and the neurons of the same layer are not connected to 
each other, but they are connected with all the neurons of the previous and subsequent layer. 
A BPNN has a standard structure that can be written as 

 Ó U ÔÕ U ÔÖ U∙∙∙ UÔÓÔØ U Ù (1) 

where	N is the number of input neurons (input parameters);	HÚ	is the number of neurons in the i U th hidden layer for i � 1,… , NHL; NHL	is the number of hidden layers and M is the 
number of output neurons (output parameters).  
 

RESULTS AND DISCUSSION 

In this section, the whole process for tuning optimum ANNs used for the prediction of the 28-
day compressive strength of soilcrete materials based on available in the literature 
experimental data, is presented step-by-step. 

Experimental 
The database used herein consists of mixes obtained from literature. Especially, 134 mixes 
that contained crushed quarry sand of a limestone origin as replacement of the aggregate 
phase, where metakaolin has been added at variable contents as a mineral additive to the 
ordinary Portland cement-based binder mix, at different water/binder ratio values (W/B) have 
been used (Table 1). Specifically, the Research Database presents measured physical and 
mechanical properties, such as the 28 days compressive strength (fc), (Fig. 1) of a large set of 
cylindrical specimens with a height-to-diameter (h/d) ratio equal to 2 (h/d=2), which have 
been tested under uniaxial compression, as well as the ultrasonic velocity for each one 
specimen, having been measured before the latter were subjected to uniaxial compression 
(Kolovos et al. 2016 and Asteris et al. 2017). Detailed and in-depth description of the 
experimental set-up can be found in the previous mentioned references. 
 

.  
Fig. 1 - Stress-strain curves  
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Table 1 - Experimental data/results and input and output parameters of BPNNs (Asteris & Kolovos 2017) 

S
am

p
le
 Input Output 

C
om

m
en

ts
* 

W/B 
ratio 

MK  
(% w/w in 
the dry 
mix) 

B   
(% w/w in 
the dry 
mix) 

SP  
(% w/w of the 
cementitious 
materials) 

 
Ultrasonic 
Velocity  
(m/s) 

Compressive 
Strength (MPa) 

1 0.40 0 50 2 4070.00 55.35 T 

2 0.40 0 50 2 4016.67 62.25 T 

3 0.40 0 50 2 4053.33 41.04 V 

4 0.40 0 50 2 4100.00 58.00 T 

5 0.40 0 50 2 4076.67 50.35 T 

6 0.40 0 50 2 4040.00 46.48 Test 

7 0.40 0 50 2 4090.00 61.49 T 

8 0.40 0 50 2 4016.67 62.25 T 

9 0.40 0 30 2 4006.67 62.35 V 

10 0.40 0 30 2 4080.00 66.72 T 

11 0.40 0 30 2 4040.00 57.17 T 

12 0.40 0 30 2 4100.00 60.79 Test 

13 0.40 0 30 2 4000.00 50.36 T 

14 0.40 0 30 2 4070.00 64.64 T 

15 0.40 0 30 2 4040.00 57.17 V 

16 0.40 0 30 2 4063.33 50.66 T 

17 0.40 5 50 2 3913.33 49.36 T 

18 0.40 5 50 2 3931.67 48.30 Test 

19 0.40 5 50 2 3916.67 48.86 T 

20 0.40 5 50 2 3980.00 49.01 T 

21 0.40 5 50 2 3840.00 41.86 V 

22 0.40 5 50 2 3900.00 39.87 T 

23 0.40 5 50 2 3931.67 48.30 T 

24 0.40 5 50 2 3810.00 59.82 Test 

25 0.40 3 30 2 4090.00 62.01 T 

26 0.40 3 30 2 4053.33 59.44 T 

27 0.40 3 30 2 4053.33 59.44 V 

28 0.40 3 30 2 4070.00 58.03 T 

29 0.40 3 30 2 4003.33 60.87 T 

30 0.40 3 30 2 3966.67 46.26 Test 

31 0.40 3 30 2 4023.33 63.05 T 

32 0.40 3 30 2 3986.67 51.67 T 

33 0.40 10 50 2 3926.67 76.90 V 

34 0.40 10 50 2 3831.67 56.03 T 

35 0.40 10 50 2 3763.33 68.21 T 

36 0.40 10 50 2 3810.00 72.48 Test 

37 0.40 10 50 2 3873.33 68.86 T 

38 0.40 10 50 2 3831.67 56.03 T 

39 0.40 10 50 2 3746.67 71.26 V 

40 0.40 10 50 2 3756.67 71.57 T 

41 0.40 6 30 2 3886.67 64.65 T 

42 0.40 6 30 2 3820.00 72.68 Test 

43 0.40 6 30 2 3906.67 74.34 T 

44 0.40 6 30 2 3880.00 67.92 T 

45 0.40 6 30 2 3903.33 75.77 V 

 
*Note: T: Training Data; V: Validation Data; Test: Test Data 
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Table 1: Experimental data/results and input and output parameters of BPNNs (Asteris & Kolovos 2017) 

S
am

p
le
 Input Output 

C
om

m
en

ts
* 

W/B 
ratio 

MK  
(% w/w in 
the dry 
mix) 

B   
(% w/w in 
the dry 
mix) 

SP  
(% w/w of the 
cementitious 
materials) 

 
Ultrasonic 
Velocity  
(m/s) 

Compressive 
Strength (MPa) 

46 0.40 6 30 2 3863.33 70.94 T 

47 0.40 6 30 2 3886.67 64.65 T 

48 0.40 6 30 2 3890.00 60.81 Test 

49 0.70 0 50 0 3523.33 27.87 T 

50 0.70 0 50 0 3353.33 22.53 T 

51 0.70 0 50 0 3333.33 25.16 V 

52 0.70 0 50 0 3381.67 26.68 T 

53 0.70 0 50 0 3356.67 25.18 T 

54 0.70 0 50 0 3376.67 28.75 Test 

55 0.70 0 50 0 3381.67 26.68 T 

56 0.70 0 30 0 3486.67 26.72 T 

57 0.70 0 30 0 3670.00 28.63 V 

58 0.70 0 30 0 3536.67 23.53 T 

59 0.70 0 30 0 3343.33 26.07 T 

60 0.70 0 30 0 3516.67 28.83 Test 

61 0.70 0 30 0 3486.67 26.44 T 

62 0.70 0 30 0 3436.67 28.06 T 

63 0.70 0 30 0 3413.33 33.32 V 

64 0.70 5 50 0 3303.33 35.60 T 

65 0.70 5 50 0 3406.67 31.48 T 

66 0.70 5 50 0 3303.33 31.61 Test 

67 0.70 5 50 0 3333.33 32.59 T 

68 0.70 5 50 0 3533.33 30.51 T 

69 0.70 5 50 0 3383.33 32.99 V 

70 0.70 5 50 0 3333.33 32.59 T 

71 0.70 5 50 0 3373.33 32.71 T 

72 0.70 3 30 0 3473.33 31.53 Test 

73 0.70 3 30 0 3530.00 30.69 T 

74 0.70 3 30 0 3516.67 31.00 T 

75 0.70 3 30 0 3473.33 29.55 V 

76 0.70 3 30 0 3420.00 29.43 T 

77 0.70 3 30 0 3493.33 33.11 T 

78 0.70 3 30 0 3500.00 30.44 Test 

79 0.70 3 30 0 3446.67 35.51 T 

80 0.70 10 50 0 3386.67 40.78 T 

81 0.70 10 50 0 3396.67 44.13 V 

82 0.70 10 50 0 3386.67 38.48 T 

83 0.70 10 50 0 3416.67 38.327 T 

84 0.70 10 50 0 3416.67 38.33 Test 

85 0.70 10 50 0 3386.67 38.28 T 

86 0.70 10 50 0 3373.33 39.71 T 

87 0.70 10 50 0 3426.67 41.75 V 

88 0.70 6 30 0 3473.33 35.68 T 

89 0.70 6 30 0 3466.67 34.94 T 

90 0.70 6 30 0 3480.00 33.27 Test 

 
*Note: T: Training Data; V: Validation Data; Test: Test Data 
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Table 1: Experimental data/results and input and output parameters of BPNNs (Asteris & Kolovos 2017) 

S
am

p
le
 Input Output 

C
om

m
en

ts
* 

W/B 
ratio 

MK  
(% w/w in 
the dry 
mix) 

B   
(% w/w in 
the dry 
mix) 

SP  
(% w/w of the 
cementitious 
materials) 

 
Ultrasonic 
Velocity  
(m/s) 

Compressive 
Strength (MPa) 

91 0.70 6 30 0 3423.33 35.82 T 

92 0.70 6 30 0 3456.67 39.31 T 

93 0.70 6 30 0 3440.00 38.16 V 

94 0.70 6 30 0 3446.67 33.79 T 

95 0.70 6 30 0 3400.00 35.49 T 

96 1.00 0 50 0 2996.67 12.21 Test 

97 1.00 0 50 0 3076.67 15.41 T 

98 1.00 0 50 0 3216.67 17.39 T 

99 1.00 0 50 0 3086.67 16.39 V 

100 1.00 0 50 0 3026.67 15.05 T 

101 1.00 0 30 0 3430.00 17.21 T 

102 1.00 0 30 0 3233.33 15.52 Test 

103 1.00 0 30 0 3173.33 16.56 T 

104 1.00 0 30 0 3083.33 15.28 T 

105 1.00 5 50 0 3163.33 17.32 V 

106 1.00 5 50 0 3230.00 16.03 T 

107 1.00 5 50 0 3053.33 18.64 T 

108 1.00 5 50 0 3180.00 17.20 Test 

109 1.00 5 50 0 3040.00 14.37 T 

110 1.00 5 50 0 2933.33 14.67 T 

111 1.00 5 50 0 3010.00 14.74 V 

112 1.00 3 30 0 3116.67 16.13 T 

113 1.00 3 30 0 3350.00 20.84 T 

114 1.00 3 30 0 3130.00 14.28 Test 

115 1.00 3 30 0 2993.33 14.16 T 

116 1.00 3 30 0 3180.00 14.42 T 

117 1.00 3 30 0 3006.67 15.60 V 

118 1.00 3 30 0 3063.33 15.74 T 

119 1.00 10 50 0 2906.67 19.00 T 

120 1.00 10 50 0 2983.33 20.26 Test 

121 1.00 10 50 0 2896.67 19.60 T 

122 1.00 10 50 0 3060.00 16.73 T 

123 1.00 10 50 0 2890.00 18.38 V 

124 1.00 10 50 0 3023.33 19.54 T 

125 1.00 10 50 0 2930.00 17.85 T 

126 1.00 10 50 0 2896.67 18.82 Test 

127 1.00 6 30 0 3070.00 16.67 T 

128 1.00 6 30 0 3003.33 20.24 T 

129 1.00 6 30 0 3013.33 17.89 V 

130 1.00 6 30 0 3086.67 14.86 T 

131 1.00 6 30 0 2926.67 18.16 T 

132 1.00 6 30 0 3046.67 17.95 Test 

133 1.00 6 30 0 2986.67 14.92 T 

134 1.00 6 30 0 2983.33 14.89 T 

 
*Note: T: Training Data; V: Validation Data; Test: Test Data 
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Each input training vector p is of dimension 1x5 and consists the values of the four 
parameters of synthesis and the value of the ultrasonic velocity (R=11) namely, the water-to-
binder ratio (W/B), the metakaolin addition (MK), the binder (B), the superplasticizer (SP), 
and the ultrasonic velocity  (UV). The corresponding output training vectors are of dimension 
1x1 and consist, the value of the 28 days compressive strength of the soilcrete specimens. 

 

Normalization of data 

As mentioned previously, the normalization of the input and output parameters has a 
significant impact on the ANN training. In the present study, during the pre-processing stage, 
the Min-Max (Delen et al. 2006) and the ZScore normalization methods have been used. In 
particular, the five input parameters (Table 1), as well as the single output parameter of the 
28-day compressive strength, have been normalized using the Min-Max normalization 
method. As stated in Iruansi et al. 2010, in order to avoid problems associated with low 
learning rates of the ANN, the normalization of the data should be made within a range 
defined by appropriate upper and lower limit values of the corresponding parameter. In this 
work, the input and output parameters have been normalized in the range [-1, 1], respectively.  
Moreover, in this work a recently proposed transformation technique called Central has been 
applied (Asteris & Kolovos 2017), in which the origin of the training data is shifted to the 
centre of the data with the following formula: 

 Þ� � W� U ßàá�l�SßÚ�	�l��      (2) 

 
where x	�x), x�, … , x�� are the original data and zÚ is the iâã transformed data. 

 

BPNN model development 

In this work, a total of 148800 different BPNN models have been developed and investigated. 
More specifically, 37200 of these, involve ANN architectures implemented in 4 different 
computers in order to investigate the sensitivity of the ANN results to the very nature of the 
floating-point arithmetic of each computer. Each one of these ANN models was trained over 
90 datasets out of the total of 134 datasets, (66.86% of the total number) and the validation 
and testing of the trained ANN were performed with the remaining 44 datasets. More 
specifically, 22 datasets (16.57%) were used for the validation of the trained ANN and 22 
(16.57%) datasets were used for the testing (estimating the Pearson’s correlation coefficient 
R). The parameters used for the ANN training are summarized as follows: After a detailed 
and in depth investigation among a plethora of training algorithms, the Levenberg-Marquardt 
algorithm (Lourakis 2005) has been used as the optimum training algorithm for the ANN 
models. The development and training of the ANNs occurs with a number of hidden layers 
ranging from 1 to 2 and with a number of neurons ranging from 1 to 30. Each one of the 
ANNs is developed and trained for a number of different activation functions such as the 
Logistic Sigmoid and the Hyperbolic Tangent transfer functions. 

In order to have a fair comparison of the various ANNs, the datasets used for their training are 
manually divided by the user into training, validation and testing sets using appropriate 
indices to state whether the data belongs to the training, validation or testing set. In the 
general case, the division of the datasets into the three groups is made randomly. 
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The 148800 developed ANN models were sorted in a decreasing order based on the Pearson’s 
correlation coefficient value and the architectures of the top twenty models are presented in 
Table 2 for the four computers used. Based on these results, the optimum BPNN model 
architecture is 5-7-7-1, with a Pearson’s correlation coefficient R equal to 0.99001. 

 

Table 2: Ranking of the top twenty best architectures of BPNNs based on Pearson’s correlation 
coefficient R (all computers) 

R
an

k
in

g 

C
om

p
u

te
r 

Preprocess 
C

os
t 

F
u

n
ct

io
n

* 

T
ra

in
in

g 
F

u
n

ct
io

n
s*

* 

In
it

ia
l 

W
ei

gh
ts

 

A
rc

h
it

ec
tu

re
 

(C
od

e)
 

Pearson's 
R 

Number 
of 

Epochs 

1 C02  Central   MSE   T-L-T  -0.1  5-7-7-1  0.99001 180 

2 C04  MinMax   MSE   T-L-T  -0.7  5-30-7-1  0.98985 218 

3 C03  MinMax   MSE   T-L-T  0.9  5-6-24-1  0.98917 215 

4 C03  MinMax   MSE   T-L-T  0.9  5-6-27-1  0.98870 215 

5 C02  MinMax   MSE   T-L-T  -0.9  5-4-3-1  0.98859 211 

6 C02  Central   MSE   T-L-T  0.1  5-30-3-1  0.98858 180 

7 C02  Central   SSE   T-L-T  -0.7  5-30-12-1  0.98846 225 

8 C02  Central   MSE   T-L-T  0.9  5-14-29-1  0.98823 180 

9 C03  NoPreprocess   SSE   T-L-T  -0.7  5-22-15-1  0.98820 202 

10 C03  Central   SSE   T-L-T  -0.5  5-6-3-1  0.98802 250 

11 C03  Central   MSE   T-L-T  -0.9  5-7-4-1  0.98790 225 

12 C03  MinMax   MSE   T-L-T  -0.5  5-24-14-1  0.98786 215 

13 C01  MinMax   SSE   T-L-T  0.1  5-9-27-1  0.98774 141 

14 C04  NoPreprocess   SSE   T-L-T  -0.1  5-7-9-1  0.98772 210 

15 C02  NoPreprocess   SSE   T-L-T  -0.1  5-10-4-1  0.98769 153 

16 C02  Central   SSE   T-L-T  -0.1  5-10-24-1  0.98768 180 

17 C04  MinMax   SSE   T-L-T  -0.5  5-5-22-1  0.98761 159 

18 C04  MinMax   MSE   T-L-T  0.3  5-5-17-1  0.98730 159 

19 C03  NoPreprocess   MSE   T-L-T  -0.3  5-7-1-1  0.98716 202 

20 C01  MinMax   SSE   T-L-T  -0.9  5-7-5-1  0.98714 223 

 
*Note I  : MSE: Mean Square Error; SSE: Mean Square Error 
**Note I: T: Hyperbolic tangent sigmoid transfer function (tansig) 
                  L: Log-sigmoid transfer function (logsig) 

 

 
 

Figures 2 and 3 depict the comparison of the exact experimental values with the predicted 
values of the optimum BPNN model with topology 5-7-7-1. These results clearly show that 
the 28-day compressive strength of sand-crete material predicted from the multilayer feed-
forward neural network, are very close to the experimental results. 
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Fig. 2 - The Pearson’s correlation coefficient R of the experimental and predicted 
Compressive strength for the best with two hidden layers BPNN (5-7-7-1) 

 

 
 

Fig. 3 - Experimental vs predicted values of compressive strength for the best with two 
hidden layers BPNN (5-7-7-1) 
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From the presented results, we see that  

1. Among the available in the literature training algorithms the best, by far, ANN 
prediction of the sandcrete compressive strength was achieved by using the Levenberg-
Marquardt algorithm. 

2. The computational environment may affect the performance of the ANN training and 
subsequently its performance. This is due to the fact that the algorithms of the 
computational units ultimately rely on basic arithmetic operations that can yield 
different results when performed in different environments due to the very nature of 
floating-point arithmetic. Different optimum ANN architectures were found in different 
computers. 

3. Furthermore, the recently proposed new formula for the normalization of data proved 
effective and robust compared to available ones. 

4. For the top twenty models the optimum number of hidden layers was found to be two. 

 

 

CONCLUSIONS 

The comparison of the derived results with the experimental findings demonstrates the ability 
of ANNs to predict, in a reliable manner, the compressive strength of sandcrete materials. 
Furthermore, the results obtained, using the above proposed technique for pre-processing the 
data were better compared to the results obtained by other known normalization techniques 
available in the literature. This fact demonstrates the need for the continuation of the research 
in data pre-processing prior to the use of the data toward the training and the development of 
ANNs, taking into account the present-day limitations and constraints in this promising 
research area. 
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ABSTRACT 

Bubble pulsation generated by deep water explosion was calculated with Zamyshlyayev 
formula and LS-DYNA software. It is shown that the maximum radius of bubble and 
pulsation period obtained by one-dimensional model of LS-DYNA are close to the test data. 
Pressure curve of main shock wave gained with LS-DYNA matches well with that of 
Zamyshlyayev formula. It is shown that one-dimensional spherical symmetric multi-material 
Euler model in LS-DYNA can be used to predict bubble pulsation in deep water explosion 
correctly. The research method and conclusion has certain reference significance for the 
research of deep water explosion. 

Keywords: LS-DYNA software, deep water explosion, bubble pulsation, numerical 
simulation. 

 
 

INTRODUCTION 

When explosive is exploded in the water, it turns into a gas bubble with high temperature and 
high pressure instantaneously. At the same time, an outward propagating shock front is 
formed.  After some time, because of the overexpansion of the gas bubble, the pressure of the 
bubble would less than the hydrostatic pressure of the surrounding water. The surrounding 
water would flow back to the bubble and compress it, until it was over compressed to a high 
pressure determined by the inward velocity of the water at the equilibrium pressure. Then the 
bubble would expand again. After some such kind of repetitions, the bubble pulsation 
phenomenon would form. 

The ships would be damaged seriously by the shock wave and the bubble pulsation in the 
water(Cole, 1948). The shock wave has high peak pressure and short duration, which would 
result in serious localized damage to hull structures; although the peak pressure of the bubble 
pulsation is only 10~20% of the peak value of the shock wave, bubble pulsation has long-
term effects and greater  impulse. Furthermore, the frequency of the bubble pulsation is very 
close to the first or the second natural frequency of the ship. The pulsating pressure would 
cause oscillation effects on the ship. The whole structure of the ship would have serious 
damage, and the shipboard equipment would be damaged and even lose the operational 
effectiveness. Besides, when the shrinking bubble is close to the ship, it may move toward it. 
The weak areas caused by the shock wave may be penetrated. The water jet would form, and 
the ship would be destroyed again. 

Many researchers have studied the bubble pulsation in water explosion with numerical 
simulation, including boundary element method (Chahine and Duraiswami,1994; Wilkerson, 
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1988; Wilkerson, 1992), finite volume method (Li et al, 2011), finite difference method(Hu et 
al, 2009), meshless method(Liu et al, 2003), etc. The two-dimensional 
adaptive mesh technique of finite element software LS-DYNA can accurately estimate the 
maximum radius and the first pulsation period of the bubble, but it can’t simulate the collapse 
of the bubble and the formation of the water jet. The early version of the Euler method in LS-
DYNA can’t simulate the bubble pulsation because of lower stability and higher cost (Xin, 
2008). Xin Chun-liang (Xin, 2008) studied the bubble pulsation in deep water explosion using 
the one-dimensional simulation model of the finite difference software AUTODYN. He found 
that maximum radius and pulsation period of bubble  were  closer to the test results of Swift 
(Swift and Decius, 1950), but the simulation curves had obvious numerical noises and the 
calculation cost was too high — it need several hours to complete the calculation, although 
one dimensional simulation model was used. LS-DYNA is much faster than AUTODYN. The 
Euler method of new version LS-DYNA R8.0 has great improvements. This paper would 
study the Swift bubble pulsation experiment using one-dimensional multi-material Euler 
method, and the simulation results would be compared with the test data and Zamyshlyayev 
formula (Zamyshlyayev, 1973). 

 

ZAMYSHLYAYEV SHOCK WAVE AND BUBBLE PULSATION CALCULATION 

FORMULA 

Zamyshlyayev (Zamyshlyayev, 1973) improved the Cole formula and suggested a semi-
empirical formula which divided underwater explosion load into five phases: exponential 
decay phase, reciprocals decay phase, posterior phase of reciprocals decay,  the expansion and 
contracting phase of  bubble,  and the pulsation pressure phase. This formula can simulate the 
whole process of the pressure decay and bubble pulsation during the deep water explosion, 
and it can be shown as: 
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Where: 
m
P is the peak pressure (unit: Pa) of the shock wave; θ is the time constant of the 

shock wave (unit: s ); W is the weight of the TNT (unit: kg ): R is the distance from the 
explosion center to the gauging point ( unit: m); 

0
R is the initial radius of the explosive (unit: 

m )；
d
t  is the arrival time of the shock wave (unit: s ); 

p
t is the time of the positive pressure 

for shock wave (unit: s); 
0
P is the hydrostatic pressure of the explosion center (unit: Pa ); 

at m
P

is the atmosphere (unit: Pa); C is the  sound speed in the water (unit: m/s ); 
0
H is the initial 

depth of the explosion (unit: m” ); 
1m

P  is the pressure peak of the second pulsation (unit: Pa 

)；
1
θ  is the time constant for the second pulsation (unit: s )；

bc
R  is the distance from the 

gauging point to the explosion (unit: m ); φ is the angle from the connecting line between  the 
explosion center and the gauging point to the horizontal line (unit: s ). 
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THE NUMERICAL SIMULATION OF BUBBLE PULSATION 

In the underwater explosion experiment of Swift (Swift, 1950), the depth of the charge is 
178.6m, and the organization of the experiment is shown in Fig. 1. 

 

 

Fig. 1 - Organization of deep water explosion experiment 

In this experiment, the maximum radius of the bubble is much less than the depth of TNT, 
and the hydrostatic pressure difference between the top and bottom of the bubble is little. 
The migration of the bubble caused by the gravity can be neglected. Assuming the pressure is 
equal for all directions around the explosive. Thus, it can be assumed that bubble pulsation 
can be simplified as spherical symmetry, and the one-dimensional spherical symmetric model 
of LS-DYNA can be used to simulate this problem. 

Because the  non-reflecting and pressure flow out boundary condition can’t be used in one-
dimensional simulation model, the size of the water is set to be 100m to prevent the 
disturbance of the reflected wave on the flow field where we are concerned about. Multi-
material Euler method was used for the explosive and the water. The artificial 
viscosity coefficient was set as the default value. At the initial stage of the explosion, the 
frequency of the detonation wave and the shock wave in the water is very high. Thus, Xin 
(Xin, 2008) adopted the fine meshes for the explosive and the water around it, and used 
coarse meshes for the far-field water. This meshing method balances both the accuracy and 
the calculation efficiency.  In this paper, the meshing method was as follows: uniform meshes 
were adopted between 0-10m, the size of the beam element was 1mm, and the quantity of the 
beam element was 10000; between 10-100m, the size of the meshes increased gradually, and 
the quantity of the beam element is 1000. 

The material model of the TNT explosive is *MAT_HIGH_EXPLOSIVE_BURN. JWL 
equation of state was used to describe the pressure of the explosion products: 

1 2

1 2

1 1
RV RV E

P A e B e
RV RV V

ω ω ω− −   
= − + − +   

   
                      (6) 

Where P  is the pressure; E is the detonation energy per unit volume; V is specific volume; A
, B , 

1
R , 

2
R , ω  is constant. The parameters were listed in Table 1(Song, 2013). 
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Table 1 - Material model and JWL EOS parameters of TNT explosive 

A(Pa) B(Pa) R1 R2 ω 

3.07E11 3.9E9 4.485 0.79 0.3 

ρ(kg/m3) D(m/s) E0(Pa) PCJ(Pa)  

1583 6880 6.62E9 1.94E10  

 

The material model for water was *MAT_NULL without computing deviatoric stress and it is 
suitable for simulating the fluid material. Gruneisen equation of state was used to describe the 
relationship between the pressure, density and the specific internal energy. 

When the water is compressed ( 0u > ), the pressure is: 
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When the water is expanded ( 0u < ), the pressure is: 

( )2

0 0
P C u au Eρ γ= + +                                                 (8) 

Where ρ is the density of the water; C is the intercept of the 
s
u (

p
u ) curve; 

1
S ,

2
S ,

3
S  are the 

coefficients for the slope of the 
s
u (

p
u ) curve; 

0
γ is the Gruneisen coefficient; a  is the first-

order volume correction to
0

γ . Table 2 lists the parameters for the equation of state shown 

above. E is the relative internal energy: 

( )0 0
/ ( )E gh Pρ ργ= +                                                   (9) 

Where h is the depth of the water, and 
0
P is atmospheric pressure. So the initial specific 

internal energy for the water 178.6m deep depth is
0

6608. 29 /E J kg= . 

Table 2 - Material model and JWL EOS parameters of water 

ρρρρ(kg/m
3
) C(m/s) S1 S2 S3 

1025 1520 1.92 0 0 
0γ  a  E0(Pa) PC(Pa)  

0.28 0 6608.29 0  
 

The physical time for the simulation is 0.05s. The hardware is Intel Xeon CPU with the 
dominant frequency of 3.47GHz. When single CPU is used, the whole simulation time is 12 
minutes, which is obviously faster than AUTODYN. 
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THE COMPARISON BETWEEN THE SIMULATION RESULTS AND THE 

EXPERIMENT DATA  

The time history of bubble radius was shown in Fig. 2. Comparison of maximum radius and 
pulsation period was shown in Table 3. It can be seen that the simulation results agree well 
with the test data. During the contraction of the bubble, the radiation pressure caused 
additional energy loss. The maximum radius and pulsation period of the bubble are gradually 
decreasing. As for the maximum radius and pulsation period of the first bubble, the simulation 
results were slightly less than that of the test data. The reason is as follows: when calibrating 
the equation of state for explosive products with standard cylinder test, the metal cylinder 
would fracture quickly in twenty microsecond or so. Thus, the calibrated EOS parameters 
neglected the energy for the low-pressure gas of explosive products. Both the maximum 
radius and pulsation period of the second bubble were bigger than the test data. This is due to 
that the energy loss caused by the material and heat exchange between the bubble and the 
surrounding water was neglected. Hick (Hicks, 1971) sindicated that the deep water bubble 
was unstable when its radius approached minimum value. The underwater photography 
showed that a large number of needle-like water jets spurting into the bubble at this time, then 
the thermal bubble cooling down quickly. 

 

 
Fig. 2 - Time history of bubble radius 

 

Table 3 - Comparison of maximum radius and pulsation period 

 The first 

maximum 

radius (cm) 

The first 

pulsation 

period (ms) 

The second 

maximum 

radius (cm) 

The second 

pulsation 

period (ms) 

The third 

maximum 

radius (cm) 

The third 

pulsation 

period (ms) 

Test data  39.1 17.85 29.5 13.00 - - 

Simulation 

results 

38.64 17.61 31.63 14.75 28.58 14.63 

Error (%) -1.18 1.34 7.22 13.46 - - 
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Fig. 3 shows the pressure history of water 0.78m (about twice the maximum radius of the 
bubble) away from explosion center. It can be seen that the pressure history curve is very 
smooth. There is no obvious numerical noise, while the AUTODYN simulation curve in 
(Swift, 1950) has much noise. 

It can be seen from Table 3 and Fig. 4: 

1) As regards to main shock wave. LS-DYNA and Zamyshlyayev formula have very close 
prediction on the peak value of the overpressure, and the difference is only 1.21%. Two 
main shock wave curves are approximately coincident. 

2) As regards to the first pulsating pressure. The calculated curves have very good 
symmetric shape. Zamyshlyayev formula has relatively gently ascent stage and descent 
stage, while the simulation result of LS-DYNA has very sharp curve. The peak value of 
pulsating pressure obtained by Zamyshlyayev formula is far below that of LS-DYNA, 
and it is 9.95% of the peak value for the main shock wave. The peak value of pulsating 
pressure obtained by LS-DYNA is 29.56% of the peak value for the main shock wave. 

3) As regards to repeatedly pulsating pressure. The peak value for the repeated pulsating 
pressure obtained by LS-DYNA decreases progressively, and the wave shape becomes 
gently little by little. 

 
Fig. 3 - Pressure history of water 0.78m away from explosion center 

 
 

Table 4 - Comparison of shock wave and pulsation overpressure calculated with Zamyshlyayev formula, 
LS-DYNA software 

 Peak value for 

the shock wave 

(MPa) 

Peak value for the 

first pulsation 

(MPa) 

Peak value for the 

second pulsation 

(MPa) 

Peak value for the 

third pulsation 

(MPa) 

Calculation result 

of the formula  

45.34 4.51 - - 

Numerical 

simulation result  

44.79 13.24 4.07 2.16 

Difference(%) -1.21 193.57 - - 
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Fig. 4 shows the impulse history of water 0.78m away from explosion center, and this curve 
was obtained by the integration on the pressure history shown in Fig. 3. Although the peak 
value for the first pulsation is far below that of the shock wave, its action time is much longer. 
So it has great destructive effects on the ship structure and can’t be neglected. The impulse of 
the first pulsation obtained by the Zamyshlyayev formula is much higher than that of the main 
shock wave, which does not match with the actual. The peak value for the impulse of the first 
pulsation obtained by LS-DYNA is slightly lower than that of the main shock wave. 
The difference between the peak values for the impulse of the first, second or third pulsation 
is small. 

 
Fig. 4 - Impulse history of water 0.78m away from explosion center 

 

Fig. 5 shows the velocity history of water 0.78m away from the explosion center. The 
maximum velocity for the water particle is 28.4 m/s. It can be gotten by the formula for the 
maximum velocity of the shock wave front 6/ ( ) 45. 34 10 / (1024 1520) 29. 1 /

m m
V P C m sρ= = × × = , 

and the difference is only 2.41%. Then the velocity of the water particle decreases 
immediately to 6m/s. At this time, the velocity of the water particle is affected by the after 
flow caused by the bubble pulsation. With the continuous expansion and contraction of the 
bubble, the velocity of the water particle is also vibrating back and forth like whipping. 

 

CONCLUSION  

1) The one-dimensional spherical symmetric multi-material Euler model of LS-DYNA can 
accurately simulate the bubble pulsation phenomenon during the deep water explosion. 
The simulation results of the maximum radius and pulsation period of the first and the 
second bubble agree well with the test data. 

2) The peak value for the main shock wave obtained by LS-DYNA agreed well with 
Zamyshlyayev formula, while the peak value of the first pulsation is far high than that of 
the Zamyshlyayev formula. Compared with the Zamyshlyayev formula, the impulse of 
the water particle obtained by LS-DYNA is closer to the actuals.  
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Fig. 5 - Velocity history of water 0.78m away from explosion center 
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ABSTRACT 

The paper addresses a collaborative project involving AIRBUS Helicopters and ONERA 
(Office National d’Etudes et de Recherches Aérospatiales), whose objective targeted the 
improvement of helicopters structures resistance to bird-strikes. In that frame, technical 
activities aimed at identifying a bird substitute material specific to the helicopter flight 
domain, to replace real birds, first, in development tests and, finally, in certification tests, and 
at developing its modeling methodology through correlations with instrumented impact tests. 

Keywords: modelling, substitute, bird, helicopter. 

 

INTRODUCTION 

Bird strike incidents could constitute, in certain circumstances, a significant threat for 
rotorcraft safety. Manufacturers of heavy helicopters have to prove the compliance of their 
vehicles with existing standards (CS-29 / FAR Part 29), which require that they “must be 
designed to assure capability of continued safe flight and landing (for Category A) or safe 
landing (for Category B) after impact with a 1kg bird, when the velocity of the rotorcraft 
(relative to the bird along the flight path of the rotorcraft) is equal to VNE (Never exceed 
speed) or VH (Maximum speed in level flight at maximum continuous power), whichever is 
the lesser, at altitudes up to 2438m (8000ft). Compliance must be shown by tests or by 
analysis based on tests carried out on sufficiently representative structures of similar design”. 
Numerical analysis is today broadly widespread in the aircraft industry insofar it represents a 
cost-effective technique for the development of innovative products, for it allows to confront, 
in the earlier stage of the development process, a wide range of designs to certification 
requirements, while minimizing the reliance to expensive full-scale tests. 

In that field, AIRBUS Helicopters set up a research programme that aimed at improving the 
resistance of helicopters to bird-strikes, which covered, on the experimental side, the 
definition of a bird substitute material specific to the helicopter flight domain (90m/s typical 
flight velocity), to be used as a replacement projectile to the possibly dispersive real birds, 
and, on the numerical side, the assessment of modelling techniques for bird-strike (with the 
explicit code RADIOSS - ALTAIR company), starting with the validation of a bird substitute 
material model. In a preliminary step, AIRBUS Helicopters, in cooperation with the DGA Ta 
test centre (Direction Générale de l'Armement - Techniques aéronautiques), thus identified a 
bird substitute (gelatine material) whose performances and representativeness compared to 
real birds were validated through a preliminary programme of impact tests on rigid targets; it 
involved, on the one hand, flat plates instrumented with pressure transducers distributed over 
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the impact area, thus enabling to correlate the pressure response profile between the gelatine 
material and the real birds, and, on the other hand, cutting edges to analyse the splitting of the 
projectile. This material was applied in the following of the project. 

 

IMPACT TESTS PROGRAMME 

In the perspective of validation of the bird substitute material model, 
an impact tests program was performed including 2 complementary 
sets of tests - to take into account the potential difference in the 
projectile kinematics according to the target deformability - with, on 
the one hand, impacts on a rigid target and, on the other hand, 
impacts on thin aluminium plates. In both cases, the gelatine 
projectiles presented the dimensions described in the figure on the 
right, leading to a 1Kg mass. 

 
Fig. 1 - Dimensions of the 
gelatin projectiles for the 

impact tests program 

The whole test program was performed at the DGA Ta test facility which utilizes a Ø=150mm 
and L=9m gas gun. 

Impact tests on a rigid target 

The rigid target is made of a 30mm thick circular rigid plate supported by 3 piezoelectric load 
cells. This assembly is inserted inside a massive aluminium rig whose external surface is flush 
with the circular plate, so that not to perturb the spreading of the projectile. The whole set-up 
is finally maintained vertical by the mean of 2 metallic brackets fixed to the ground. 

Measurements comprise the evolution of the impact force resulting from the summation of the 
3 load cell signals and videos from 2 high speed cameras (side and ¾ views) operating at a 
10000 frames/s rate.Two sets of tests are performed, at the average velocities of 47m/s and 
90m/s. Their results are presented in the following figures, in terms of force versus time. One 
can observe the presence of oscillations resulting from the resonance of the rig system, at an 
average frequency of 2,7KHz. 

 
Fig. 2 - Configuration of the impact tests on 

a rigid target (DGA Ta) 

 
  Fig. 3 - Results of the impact tests at 47m/s and 90m/s 

Impact tests on aluminum plates 

The configuration of the impact tests on deformable targets is shown in Fig.. The rig is made 
of a rectangular frame attached, by the means of 3 load sensors, to an orientable rigid frame 
fixed to the ground. The targets are made of 920x620mm 2024-T3 aluminum plates which are 
bolted at their periphery to the rectangular frame, with bolts regularly spaced by 60mm. 
Depending on the test velocity and rig orientation, their thickness varies from 0,8mm, 1,0mm 
to 1,4mm. 
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Measurements include: 

• The residual deflection of the plate measured by three-
dimensional mapping along 2 vertical and horizontal 
lines passing at the point of maximal deflection. 

• The impact force as the summation of the force signals 
from the 3 load sensors connecting the rectangular frame 
to the orientable rigid frame. 

• DIC (Digital Image Correlation) measures by the means 
of 2 high speed cameras positioned behind the aluminium 
plate. The post-treatment of the videos notably enables to 
identify the evolution of the plate deflection during the 
impact (at the impact point). 

 
Fig. 4 - Test rig for the impact tests 

on deformable targets (DGA Ta) 

• Videos from a high speed camera operating at a 10000 frames/s rate, in frontal 3/4 view. 

The test plan covers different impact velocities, from 47m/s to 115m/s, and 2 orientations, 90° 
and 45°. Let’s note that in a prior step, impact tests with a rigid metallic ball (Ø=25mm) at 
90m/s & 90° were also conducted so as to validate the FE model of the aluminum plate, 
considered as a sensor. 

Among all tested configurations, the case 47m/s & 45° which results in the lowest impact 
energy, as a combination of the low velocity and the orientation, is characterized by a specific 
behavior of the projectile that one may no more qualify of hydrodynamic type, where the 
projectile dos not spread but keeps a relative consistence. 

 
Fig. 5 - Visualization of the projectile deformation for the impact at 47m/s & 45° 

 

MODELLING 

Gelatin projectile model  

Many works performed in the past decades to analyse the behaviour of birds subject to high-
velocity impacts have demonstrated that such impacts could be assumed of hydrodynamic 
type, with the bird exhibiting a fluid-like behaviour (Wilbeck, 1981). Diverse equations of 
state have been proposed (Barber, 1975) and different formulations have been evaluated 
(Brockman, 1991 / Langrand, 2002 / Lavoie, 2007 / Heimbs, 2011 / Ugrcic, 2012), from 
standard Lagrangian formulations to more recent methods for soft body modelling, such as 
Arbitrary Lagrangian Eulerian (ALE) and Smooth Particle Hydrodynamics (SPH). Within the 
project, the SPH formulation was selected and a hydrodynamic model described by a 
polynomial equation of state defining the evolution of the pressure with the volume variation 
(1) was applied. 
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The inter-particles distance was set to h0=6mm, leading to a 6100 particles projectile model, 
and the material parameters, mainly reducible to the C1 parameter representative of the 
compressibility module K, were calibrated so as to best correlate with the impact tests on the 
rigid target. 

Simulation of the impact tests on rigid target  

Insofar tests exhibited oscillations due to the resonance of 
the rig system and considering that no specific boundary 
within the rig was clearly distinguishable, apart from the 
brackets fixing to the ground, one decided to fully model 
the rig system, as shown in Fig., using mostly 3D 
elements associated to elastic laws and standard material 
parameters. The load cells are modelled similarly, 
attributing initial material parameters coming from the 
manufacturer’s data. Load sections are generated across 
each load cell, thus enabling to calculate, by summation 
over the 3 cells, the impact force for comparison with the 
experiments. 

 

Fig. 6 - Model of the test rig for the 
impacts on rigid target 

The accent was brought to the selection of the appropriate elements formulations, the 
adaptation of the load cell material parameters, and the connection of the load cells to their 
environment, to conveniently capture the experimentally observed frequency. 

Simulations are performed in a single run, over a 3ms duration for the impacts at 90m/s, and 
5ms for those at 47m/s. Results are presented in the following figure for the 2 velocities, in 
terms of force/time evolution and visualizations at increasing times in frontal ¾ view, 
compared to the experimental measurements. 

• For the 90m/s impacts, though the frequency of the rig remains slightly underestimated 
(~2,4 Hz), a convenient level of correlation is however reached, with a reasonable 
prediction of the successive load pics until the final signal attenuation. Besides, the 
visualizations of the impact at increasing times show a spreading of the projectile 
comparable with the experimental observations. 

• For the 47m/s impacts, the correlation globally remains satisfactory, even though the initial 
load pic is slightly overestimated by the model. The spreading of the projectile also fits 
conveniently with the experiment. 

 

Simulation of the impact tests on deformable targets  

For simplification reasons, the modelling of the rig system of the impact tests on deformable 
targets is limited to the aluminum plate, the supporting rectangular frame and the 3 load 
sensors with their junction components - i.e. the orientable frame is not modelled. 
Consequently, fixed boundary conditions are applied on the flanges of these junction 
components. Such a simplification may not show any influence in terms of deflection 
(dynamic or residual) but may in terms of impact force as the orientable frame, by its own 
flexibility, would tend to attenuate/damp the load sensor responses. To bypass this issue, one 
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therefore applies a damping coefficient on the whole model, aluminum plate excluded, a 0,8 
value being shown appropriate to best correlate the force measurements. 

The aluminum plate is modeled with shell elements with a mesh size of 5mm at the center of 
the plate plaque, and degressive towards its periphery. Elements are associated to an elasto-
plastic Johnson-Cook model with standard parameters coming from previous projects. The 
load sensors are modelled with uniaxial spring elements with their stiffnesses calculated from 
their dimensions and constitutive material. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7 - Numerical/experimental comparison: (a) Impact at 90m/s, (b) Impact at 47m/s 
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Finally, a specific emphasis was brought to the modelling of 
the bolts attaching the aluminum plate to the rectangular 
frame. As indeed illustrated in Fig. 8 for one test at 90m/s & 
90°, tests highlighted noticeable deformation of the 
aluminum plate around the bolted areas, resulting in an 
obvious contribution on the global plate behavior. A fine 
modelling of these local phenomenon being excluded within 
the project, one opted to model the plate deformation 
through the shear elongation of the multi-axial springs 
representing the bolts i.e. the springs behavior in their shear 
direction are calibrated to allow tangential displacement of 
the points of connection between the plate and the frame. 

 
Fig. 1 - Illustration of the plate 
deformations at the bolted areas 

The identification of the shear responses requiring at least 2 points, this calibration is 
therefore performed on 2 configurations, including first the impacts at 90m/s with the 
Ø=25mm ball, and then the impacts at 90m/s & 90° with the gelatin projectile; once achieved, 
this was applied on the other configurations. Most of simulations confirmed the role and 
amplitude of these deformations in the measured signals, firstly in terms of the plate dynamic 
or residual deformation, but also in terms of force signal, as discussed in the following 
paragraphs. 

Simulations are conducted in 2 successive runs, the first one over 20ms corresponding to the 
simulation of the impact, and the second one over an additional 40ms to allow the elastic 
return of the plate up to its final state (activation of a kinematic relaxation option), so as to 
permit the comparisons with the residual deflection measurements. The following paragraphs 
illustrate typical results obtained within the simulated impact configurations, including the 
impacts at 90m/s & 90°, 90m/s & 45°, 115m/s & 90°, 60m/s & 90° and 47m/s & 45°. 

In the following pages, numerical results are confronted to the experimental data in terms of 
dynamic deflection of the plate (i.e. during run 1), residual deflection of the plate (i.e. after 
run 2) along the length (section 1) and the width (section 2) of the plate, and impact force 
coming from the load sensors (i.e. during run 1). Moreover, a qualitative comparison is also 
provided with the visualization of the projectile spreading over the first 5ms of the impact. 

Apart for the configuration at 45m/s & 45° which exhibited a specific projectile behaviour 
and that will be analysed separately, all configurations led to comparable conclusions that are 
summarized hereafter: 

• One first notes that, to obtain a convenient correlation, notably in terms of dynamic 
deflection, the calibration of the spring elements representing the bolts, performed on the 
impact at 90m/s & 90°, leads to a shear elongation of 2,7mm in the most loaded spring. 
When applied to the rest of the configurations (see following table), this maximal 
elongation extends from 1,9mm for the lowest impact energy (60m/s & 90) to 3,3mm for 
the highest one (115m/s & 90°), which confirms the significant influence of the bolted 
areas in the plate behavior. 

Table 1 - Shear elongation in the most loaded spring  

Impact configuration 90m/s & 90° 90m/s & 45° 115m/s & 90° 60m/s & 90° 

Elongation (mm)  2,7 2,2 3,3 1,9 

• Whatever the observable, the correlation is globally satisfying with deviations between 
numerical and experimental maximal data that never exceed 11%, as shown in the 
following tables. 
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Table 2 - Numerical/experimental comparison for the impact at 90m/s & 90° 

Data 
Max dynamic 

deflection 

Max residual 

deflection 
Maximal force 

Deviation 

simulation/test -4% +8% +4% 

 

Table 3 - Numerical/experimental comparison for the impact at 90m/s & 45° 

Data 
Max dynamic 

deflection 

Max residual 

deflection 
Maximal force 

Deviation 

simulation/test +3% 0% +2% 

 

Table 4 - Numerical/experimental comparison for the impact at 115m/s & 90° 

Data 
Max dynamic 

deflection 

Max residual 

deflection 
Maximal force 

Deviation 

simulation/test / +3% +7% 

 

Table 5 - Numerical/experimental comparison for the impact at 60m/s & 90° 

Data 
Max dynamic 

deflection 

Max residual 

deflection 
Maximal force 

Deviation 

simulation/test -11% -2% +10% 

• Besides, the visualization of the projectile spreading illustrated for each impact 
configuration shows, in average, a convenient behavior of the projectile, at least up to 5ms 
i.e. beyond the actual duration of the impact phase. 

For the configuration at 47m/s & 45°, results are noticeably different; though it still correlates 
well in the first milliseconds of the impact (as shown by the correct prediction of the 
maximum dynamic deflection and of the force signal in the initial phase of the impact), the 
calculation then largely diverges from the  experiment, be it quantitatively with a large 
underestimation of the residual deflection and of the second force pic, or qualitatively with an 
inappropriate modelling of the projectile, that still spreads in the simulation while remains 
quite compact during the test. 

 

Table 6 - Numerical/experimental comparison for the impact at 47m/s & 45° 

Data 
Max dynamic 

deflection 

Max residual 

deflection 
Maximal force 

Deviation 

simulation/test +7% -32% -39% 

Insofar the projectile here rather behaves like a solid medium than a hydrodynamic one, one 
may wonder if these issues are symptomatic of the limits of application of the SPH 
formulation and/or of the material model. To answer this question, a simulation is therefore 
performed using 3D elements for the projectile and shows similar results, leading to the 
conclusion that the material model and its parameters are not adapted to low energy impacts 
where the projectile no more fully breaks up. Though improvements may be reachable by 
playing on some of the material parameters, but at the expense of the other configurations, no 
further effort was engaged to better correlate this configuration that is either way not critical 
in terms of dimensioning. 
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Impact at 90m/s & 90° 

 
Fig. 9 - Dynamic deflection 

 
Fig. 10 - Residual deflection along section 1 

 
Fig. 11 - Residual deflection along section 2 

 
Fig. 12 - Impact force 

 

 

 

 

 
Fig. 13 - Impact sequence from 1ms to 5ms 
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Impact at 90m/s & 45° 

 
Fig. 14  - Dynamic deflection 

 
Fig. 15  - Residual deflection along section 1 

 
Fig. 16  - Residual deflection along section 2 

 
Fig. 17 - Impact force 

 

 
44

 

 

 
Fig. 18 - Impact sequence from 1ms to 5ms 
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Impact at 115m/s & 90° 

 

 
Fig. 19 - Residual deflection along section 1 

 
Fig. 20 - Residual deflection along section 2 

 
Fig. 21 - Impact force 

 

 

 

 

 
Fig. 22 - Impact sequence from 1ms to 5ms 
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Impact at 60m/s & 90° 

 
Fig. 23 - Dynamic deflection 

 
Fig. 24 - Residual deflection along section 1 

 
Fig. 25 - Residual deflection along section 2 

 
Fig. 26 - Impact force 

 

 

 

 

 
Fig. 27 - Impact sequence from 1ms to 5ms 
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Impact at 47m/s & 45° 

 
Fig. 2 - Dynamic deflection 

 
Fig. 3 - Residual deflection along section 1 

 
Fig. 4 - Residual deflection along section 2 

 
Fig. 5 - Impact force 

 

 

 

 

 
Fig. 6 - Impact sequence from 1ms to 5ms 
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CONCLUSIONS 

The project, performed in cooperation with AIRBUS Helicopters and ONERA, aimed at 
identifying a bird substitute material specific to the helicopter flight domain and at developing 
its modeling methodology with the explicit code RADIOSS. These works were performed 
with the support of experimental data generated through an impact test program involving 
rigid and deformable targets, for a large range of impact configurations. 

The modelling approach is based on an hydrodynamic material model, classically applied for 
simulating soft bodies exhibiting fluid-like behaviours, coupled with a SPH formulation. 
Generally speaking, correlation levels with the various observables, be it on the rigid or 
deformable targets, proved to be satisfying, notably around the 90m/s velocity representative 
of the helicopter flight domain, and thus confirmed the suitability of such models for 
simulating high velocity impacts. Works also permitted to discern the limits of application of 
the proposed modelling method when applied for low energy impacts which reflect into a 
projectile behavior that is no more purely hydrodynamic. 
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ABSTRACT 

This work uses a novel analysis technique to compare the impact attenuation properties of 
different children’s playground surface materials, namely: rubber of various thicknesses; 
sands that were wet, dry, fine and coarse; and 300 mm deep bark. Tests were performed at 
2 m, 3 m and 4 m drop heights. A total of 17 individual tests are presented. The mechanical 
tests performed showed significant differences in the impact attenuation of the materials 
commonly installed within children’s playgrounds. 

Keywords: biomechanics, mechanical engineering, impact attenuation, playground surfacing.  

 

INTRODUCTION 

More than four decades has passed since introducing safety standards for Impact Attenuation 
Surfacing (IAS) used in children’s playgrounds. Falls in children’s playgrounds are a major 
source of injuries and IAS is one of the best safety interventions deployed to reduce the 
incidence and severity of playground injuries. EN 1177:2008 is the test method for the 
determination of impact attenuation performance of playground surfacing. Currently the Head 
Injury Criterion (HIC) is used to quantify the performance. 

 

TEST METHOD 

As per EN 1177:2008 a rigid headform fitted with a triaxial accelerometer is dropped onto the 
IAS. The three acceleration signals are recorded during the impact and from this the total 
acceleration is calculated. The total acceleration is proportional to the total force exerted by 
the IAS, and by double integrating the total acceleration we can calculate the surface 
displacement during the impact. Plotting the force against displacement produces a hysteresis 
loop and the area enclosed by this loop is the energy absorbed by the material. The ideal IAS 
keeps the HIC low and absorbs all of the kinetic energy of the headform, producing a ‘dead 
cat bounce’ (ie no rebound). Compare this with a perfectly elastic spring which returns all of 
the kinetic energy to the headform at the end of the impact (i.e. no net energy absorption) and 
the exit velocity is the same as the incident velocity. In this case the area enclosed by the 
hysteresis loop is zero because the loading curve is coincident with the unloading curve. 

 

RESULTS AND CONCLUSIONS 

Fig. 1 presents the results of 5 different sands at 2 m and 3 m drop heights. The dry coarse 
sand was noted to absorb the most energy (122 J). Fig. 2 presents the results of 2 m impacts 
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onto 50 mm, 75 mm and 100 mm rubber, sand and bark. The energy absorption of the rubber 
did not increase (52-57 J) with thickness even though the HIC dropped from 1598 (50 mm), 
935 (75 mm) to 593 (100 mm). 

Fig. 3 presents the results of 3 m and 4 m impacts onto 50 mm, 75 mm and 100 mm rubber, 
sand and bark. For the rubber at 3 m the HIC dropped from 3849 (50 mm), 1977 (75 mm) to 
1089 (100 mm). For the coarse dry sand at 3 m a 430 HIC and 122 J absorption were noted. 
For the bark at 3 m a 370 HIC and 131 J absorption were noted. For the bark at 4 m a 437 to 
442 HIC and 163 to 180 J absorption were noted. 

This study showed that impact attenuation performance of the 300 mm deep bark was 
superior to both the rubber and sand. It also showed that impact attenuation performance of 
coarse sand was greater than fine sand or rubber even when the rubber was 100 mm in 
thickness, good quality and correctly installed. 

 
Fig. 1 - Force (N) vs. displacement (mm): energy absorbed and 

HIC for 2 m and 3 m impacts onto dry, wet, fine and coarse sands 
 

 
Fig. 2 - Force (N) vs. displacement (mm): energy absorbed and HIC for 2 m 

impacts into 50 mm, 75 mm and 100 mm rubber, fine and coarse sands and bark 
 

 
Fig. 3 - Force (N) vs. displacement (mm): energy absorbed and HIC for 3 m and 4 m 

impacts into 50 mm, 75 mm and 100 mm rubber, dry coarse sand and bark 
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ABSTRACT 

The research, described in this article, relates to one of the aspects of methodology of block 
bonded joints. The authors tested experimentally the influence on the test findings of slight, 
practically unnoticeable variations in the geometry of the samples, which consequently result 
in changing the load conditions. The experimental studies were completed with preliminary 
dynamic numerical calculations of the test cases. The experimental testing was conducted 
with an impact dropping tool, designed to examine adhesive joints. The maximum energy of 
the pendulum used in the investigation equaled 15 J. In order to determine the impact loading 
of the examined joints, we used a dependency according to which the energy used to detach 
the upper element of the sample in this test, i.e. the energy lost by the pendulum, is a measure 
of impact strength of the adhesive joint. The sample elements were made with steel S235. In 
order to bond the samples, the authors used Epidian 57 epoxide resin with Z1 hardener. The 
models for numerical computations were prepared on the basis of samples used in 
experimental studies. The prepared models, taking into account the initial and boundary 
conditions, were subjected to dynamic numerical calculations by means of the finite element 
method with the use of the Explicit Dynamics module in the ANSYS programme. The 
numerical calculations were made to compare the compliance of the results of the 
experimental and analytical investigations as well as the assessment of the impact of the size 
of boundary conditions, which were subjected to parametrization, upon the values of 
occurring stresses during the conducted impact loading simulations.  

Keywords: adhesive joint, impact loading, pendulum hammer, numerical calculations. 

 

INTRODUCTION 

Adhesive bonds, in the currently designed and used constructions structures, apart from static 
and fatigue loads, may also be exposed to impact loading. An example of this type 
construction is modern cars in which many elements are manufactured using adhesive 
bonding technology. In order to properly design and ensure crashworthiness of glued 
structures, there are investigations conducted as well as estimations of impact strength of the 
used joints. The techniques using dropping hammers are the most commonly used methods 
for low speeds of impact loading. Normative methodology described in PN-ISO 9653 is a 
variation of such an examination, using an impact hammer which has been modified to 
conduct research into adhesive joints. This test method is difficult to repeat due to the need to 
keep very precise behaviour parameters of the samples as well as the test conditions (Adams, 
1996).  
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In the investigation, we analyzed the effect of the distance between the bottom edge of the 
impactor and the adhesive joint upon impact loading, recorded in the tests. For the sake of 
safety of the test device, the smallest distance between the impactor and the joint in question 
equalled 0.4 mm, whereas the largest one was equal to 1.6 mm. We also investigated the 
effect of geometry irregularities of the sample, in which there occurred a small angular 
rotation of the sample elements against each other, upon the impact loading of the adhesive 
joint. When putting the samples together, the upper element in each sample was rotated at an 
angle of 0.5-4º ± 0.5º.  

The experimental testing was completed with a preliminary numerical investigation, whose 
primary aim was to verify the correctness of the developed sample models and other 
parameters adopted for the implementation of the calculations. In the computations we took 
into account linear properties of an isotropic polymer material, while the characteristics of the 
metal elements were adopted from the software material database ANSYS, for constructional 
steel. The variable parameter of the conducted calculations was the distance between the edge 
of the impactor and the surface of the bonded joint or the angle of rotation of the glued cuboid 
metal element in relation to the reference axis which is perpendicular to the metal piece. 

 

RESULTS AND CONCLUSIONS 

Both the results of experimental testing and numerical analysis findings indicate a very 
significant impact of even a slight angle of rotation of the sample pieces against each other 
upon the obtained results of impact loading of the examined joints. Such a phenomenon stems 
from changing the load conditions (in relation to properly glued samples) and causes a 
significant increase in the max principal stress in the adhesive joint, which is confirmed by 
numerical calculations. As a result of changes in the height of applying the load, the recorded 
impact loading of the examined joints was also changed. The highest impact loading was 
characterized by adhesive joints, in which the impact loading was applied closest to the joint.  

The numerical calculations showed uneven stress distribution in the joints of the block 
samples which were dynamically impact loaded. The values of max principal stress occur at 
the edge, where the impactor strikes, and von Mises stress on the opposite side. Even slight 
twisting of a glued element has the effect of overlapping stresses on the loaded corner. The 
results of the numerical investigations proved inconsistent with the results of the 
investigation. Significant discrepancies in the results of experimental and analytical testing 
indicate that in further research there is a need to increase the computation time and analyze 
components of the stress tensor in order to determine which stresses mostly affect the value of 
impact loading of the examined adhesive joints. 
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ABSTRACT 

The work carried out experimental and analytical studies of flat and cylindrical specimens of 
different sizes to accept the principles of the laws of similarity for composite materials by 
establishing the scale factors in high-speed impact. 

Keywords: scaling effects, composite material, fan case, high speed impact, testing. 

 

INTRODUCTION 

In accordance with FAR-33 and JAR-E fan case must provide localization of fan blade-out. 
Currently, the diameters of the fan case reach three meters, making it difficult testing of 
technical solutions at the stage of the design of the fan case, providing localization fan blade-
out. Therefore, without the involvement of small scale models and methods without using the 
similarity can’t be made large-sized detail. 

Goals of this work is determination on the basis of analytical and experimental studies scaling 
parameters in dynamic problems when high impacts and checking the possibility of using a 
numerical experiment in their samples of various shapes, the samples made of different 
materials and under different conditions of dynamic effects. The results of observations of the 
behavior of small samples at high speed impact will allow to predict the effects of the 
interaction of the impactor with the barrier. 

 

RESULTS AND DISCUSSION 

These studies showed that: 

- Fracture behavior and deformation of flat samples of various sizes on impact at the same 
speed, but with energy proportional to n3 (where n - similarity coefficient), are practically 
identical; 

 
Fig. 1 - Cross sections of samples different sizes after the impact 

 
- Diagrams «normalized» kinetic energy of fan blade Eк.vs «normalized» time t traces and 

«normalized» potential energy of fan blade Ep vs. «normalized» time t traces are similar 
for all four types of models of body size by taking into account the scale factors; 
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     (а)           (b) 

Fig. 2 - Diagrams: (а)-«normalized» kinetic energy of fan blade Eк vs. «normalized» time t traces, 
(b)-«normalized» potential energy of fan blade Ep vs. «normalized» time t traces 

 
- in high-speed impact forms and mechanisms of fracture plates and structurally-similar 

elements were similar in impact with energies proportional similarity coefficient n; 

 
Fig. 3 - Fracture behavior of flat and cylindrical samples after impact  

 
- normalized kinetic energy of impact for almost all tested samples thickness shows the 

same border of the sample resistance to impact. 

 
Fig. 4 - Normalized kinetic energy of impact (red points - sample is breached) 

 
These studies allowed to choose the parameters of scaling that allow the results of the study of 
resistance fan cases of small sizes by blade-out to predict the characteristics of resistance to 
high impact fan cases of other sizes. 
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ABSTRACT 

In the study of the cushioning characteristics of airbag with constant venting area, based on 
the energy conservation principle and thermal dynamics equations, an analytical model of 
airbag with constant venting area was proposed and validated by LS-DYNA and experiment. 
Then the cushioning characteristics of vertical cylindrical airbag with constant venting area 
were investigated with this model. A series of calculations were conducted to find out the 
influence of initial inflation pressure, venting area and the triggering condition of the venting 
orifice on cushioning properties.  

Keywords: aerospace structure and design, impact attenuation, airbag, cushioning. 

 

INTRODUCTION 

As an attractive means for soft landing and heavy airdrop delivery, cushioning airbag is 
attracting more and more research attention. Various airbags have provided a good cushioning 
protection in the soft landing field of space vehicles or unmanned aerial vehicles. At present, 
the working performance of the cushioning airbag can be evaluated by means of experimental 
research and numerical analysis. Most of the work is based on the peak overload during the 
cushioning process, and the energy absorption rate of the cushioning system is less involved, 
and cannot fully reflect the airbag cushioning system performance. In this paper, the energy 
conservation principle and thermal dynamics equations are used to establish the analytical 
model of the airbag with constant venting area. The cushioning characteristics of the vertical 
cylindrical airbag are studied.  

For the airbag with constant venting area, assume that the gas inside the airbag is the ideal 
gas. In the processing of airbag compression stage and gas bleed stage, the energy 
conservation equation can be expressed as: 

l k p f
W Q E E U E∆ + ∆ = ∆ + ∆ + ∆ + ∆                                         (1) 

Where W∆ is the work done by the external force on the system, lQ∆ is the internal energy of 

the gas flowing out of airbag, kE∆  is the kinetic energy change of the system, pE∆  is the 

potential energy change, U∆ is the change in airbag gas internal energy, fE∆ is the change in 
airbag fabric stretch potential energy.  
 
RESULTS AND CONCLUSIONS 

The influences of the parameters of the vertical cylindrical airbag on cushioning 
characteristics are shown in Fig. 1. And the influences on energy absorbing ratio and peak 
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acceleration are shown in Fig. 2. The airbag parameters considered include initial inflation 
pressure, venting area and the triggering condition of the venting orifice. Numerical results 
show that the initial inflation pressure and the triggering condition of the venting orifice are 
key parameters to affect the cushioning properties, and when the initial inflation pressure was 
less than the initial limit pressure, the appropriate increase of initial inflation pressure and the 
appropriate triggering condition can reduce the volume of the airbag and maintain peak 
overload of the equipment at a reasonable level. The reasonable venting area can improve the 
energy absorbing ratio, reduce the peak overload and prevent the airbag rebound. 
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a)  initial pressure b) venting area c)  the triggering condition 

of the venting orifice 
Fig. 1 - Effect of the parameters of the vertical cylindrical airbag on cushioning characteristics 

 
a)  initial pressure b) venting area c)  the triggering condition 

of the venting orifice 
Fig. 2 - Effect of the parameters of the vertical cylindrical airbag on energy absorbing ratio and peak acceleration 

 

In this paper, the dynamic model of cushioning airbag with constant venting area was 
established and verified by comparing with LS-DYNA and experiment. Then the dynamic 
method was used to perform a parametric study of vertical cylindrical airbag. The influence of 
the parameters on energy absorbing ratio and peak acceleration were concluded. At last, the 
design principle of the cushioning airbag with constant venting area was proposed. 
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ABSTRACT 

This paper presents the experimental and theoretical results of penetration through a multi-
layer barrier. Impactors were elongated metal rods with ogival head part. The initial speed  
ranged between 400 and 700 m\s. Experiments on penetration the impactor to a steel barrier 
were considered. Theoretical studies carried by numerical Lagrangian method. The process of 
penetration three-layer targets by elongated impactor was studied. 

Keywords: impactor, penetration, plate, impact, destruction.  

 

INTRODUCTION 

At the moment the development of new protective structures is essential for civil and military 
applications. Of particular interest are multi-layer systems of different materials, including: 
steel, aluminum, ceramics, functionally graded materials, etc. (Glazyrin, 2006). A 
distinguishing feature of any multilayer structure is that it retains the specific properties of the 
layers, but it has new individual properties. Quite often there is the problem of the 
strengthening of the protective properties of existing structure. There is a need in the selection 
method of bonding layers. Therefore, the numerical simulation involved to optimize the 
thickness of layers (Kima, 2016).  

The aim of the work is the study of the process penetration through homogeneous and 
multilayer barriers. The impactors were elongated metal rods with the ogival head parts. The 
barriers were homogeneous steel plates and three-layer steel plates. Initial impactor velocity 
ranged between 400 and 700 m\s. The current study consists of experimental and theoretical 
parts. The plumbum impactor schock on steel plate is studied in the experimental part. It is 
found that after the loading impactor was damaged badly. It was revealed that the hole in the 
barrier was 1.5 times greater than the diameter of the impactor. In the theoretical part of 
research the penetrating through multilayer barriers by projectile with ogival head part was 
simulated.  
Twenty of calculations variants were considered. Projectile penetration analysis was carried 
out. The time inception of the first sources of material destruction, densification of the 
material, hydrostatic pressure, deviatoric stress, projectile velocity history, residual 
displacement layer, the gap between the layers, ballistic limit are calculated (Glazyrin, 2010).  

Mathematical model of the process is based on phenomenological macroscopic model of 
continuum mechanics. Behavior of mаterial is assumed as elastic plastic. Governing equations 
is based on the fundamental laws conservation for: mass, momentum and energy. The 
numerical solution is carried out in two-dimensional statement for the axial symmetry by G.R. 
Johnson's modified method. This method is lagrangian and it allows to solve the problem of 
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deep penetration for heterogeneous structures, including modern safety ones. The 
modification of the method include: algorithm erosion of triangulation elements, nodes 
splitting algorithm, and free surface constructing algorithm (Orlov, 2016). 

 

RESULTS AND CONCLUSIONS 

Figure 1a illustrates the front side of the steel plate after impact. Figure 1b shows the final 
stage of a three-layer barrier penetration.  The presented results of calculations allow to study 
in detail the penetration of the impactor through three-layer barriers. 

 

 

 

Fig. 1 - The research object after impact (a), the current configuration of the system 
“Impactor  ̶  barrier”,  V0 = 700 m\s, t = 50 ms (b) 
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ABSTRACT 

There is considered an algorithm for calculating propagation of longitudinal and bending 
deformations’ waves in the rod systems, caused by the action of short-term impact impulse. 
To describe the transverse oscillations of rods the Tymoshenko’s equation was used. There 
were received the wave reflection and refraction coefficients in the images space of the 
Laplace transform by time. The comparison of the results was performed for the accelerations 
calculation of the deformation wave propagation through a rod system node obtained by the 
proposed method and by the finite element method. 

Keywords: elastic waves, rod systems, Laplace transform, Tymoshenko’s equation. 

 

INTRODUCTION 

To solve a number of technical problems it is necessary to study the dynamics of rod systems 
with mutually perpendicular rods under the action of short-term concentrated forces, for 
example, a problem of oscillations of industrial precipitator electrostatic electrode elements 
during their shaking off adhering dust (Fedorov, 2013). Modern software tools for the finite 
element modeling allow us to solve the problem of wave propagation in the rod systems, but 
the procedure of such simulations is very time-consuming. Therefore, it is interesting the 
development of analytical methods (Antes, 2004) allowing to analyze the parameters of 
construction oscillations quickly. 

The presented investigation demonstrates a solution obtained by Laplace transform by time 
for the problem of determining the internal forces and accelerations in the rod system 
elements under the action of a short-term point force. It was assumed that the longitudinal 
oscillations of the rods are described by the classic wave equation, the transverse oscillations - 
by the Tymoshenko’s equation (Timoshenko, 1974). Based on the analysis of wave 
propagation through the rod system node with one finite length rod and three semi-infinite 
rods, there were developed the equations for the wave refraction and reflection coefficients in 
the image space. In order to perform the inverse transformation it was performed the 
decomposition of the equations in a series of powers of the Laplace transform parameter. This 
allowed to obtain an approximate solution, which is a power series in time. 

To analyze the accuracy of the results it was carried out the simulation of the deformation and 
stress waves’ propagation through the rod system node by finite element method realized 
using the ANSYS software. The construction elements were modeled as the 8-node brick 
finite elements. 
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RESULTS AND CONCLUSIONS 

On the base of the obtained equations and finite element computation there was performed a 
simulation of the deformation waves’ propagation in a steel rod system consisting of four 
mutually perpendicular rods with a square cross section (fig. 1). The length of the cross 
section side is 1 cm. It was assumed that an evenly distributed pressure was applied to the rod 
1 end. This pressure changed as a half-wave sine wave of 1.25 MPa amplitude during 80 
microseconds. Table 1 demonstrates the maximal acceleration values obtained by the finite 
element and analytical methods for the case only the first term of the series hold. Here a0 - 
initial acceleration (of the rod 1 points immediately after it was hit) in the incoming wave on 
the node, a1 - acceleration of the rod 1 points after wave reflection from the node, a2, a3, a4 - 
accelerations in the rod 2, 3, 4 points. 

 

Fig. 1 - Acceleration (m/s2) distribution scheme in the system elements 
 

Table 1 - Comparison of acceleration values (m/s2), obtained by the finite element and analytical methods  

Calculation method а0
 

а1 а2,4 а3 

Finite element simulation 1464 508 393 1097 
Analytical calculation 1464 534 432 999 

 

The computational results show that the acceleration values obtained by the analytical and 
finite element method differ by less than 10%. This fact confirms the possibility of the 
suggested approach application for the operative evaluation of the acceleration values for rod 
systems points at an impact. The consistent application of these expressions to multiple nodes 
allows the carry out a complete computation of wave propagation in a complex rod system. At 
the same time, the analytical solution requires ten times less time to be done comparing with 
the time necessary to create a model and to perform finite element analysis. 
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ABSTRACT 

A new mathematical model “Vehicle - Track” developed from other mathematical models is 
used in the research to determine the interaction between the wheel with a metal protuberance 
and rail. Fourier series are used to mathematically describe the geometry of vehicle wheel 
with a metal protuberance. Calculations and analysed results, obtained by using the newly 
developed method, when a wheel defect has a metal protuberance, are presented in this work.  

Keywords: rail, wheel, interaction, metal protuberance, impact force, dynamics modelling. 

 

INTRODUCTION 

Wheel with damage causes a significant dynamic effect to the system Vehicle-Track 
(Bogdevicius et al 2016). Damages are formed on the surfaces of wheel and rail during the 
exploitation due to interaction between wheel and rail. Wheel damages may also be formed 
by poor parts machining quality and inaccuracies in production. Damages of wheel and rail 
are rarely detected at the initial stages of exploitation and the damages increase over time. 

Protuberances in metal are dangerous, because they cause impact forces to rail and wheel. The 
metal protuberance often creates flats on wheel tread. It is forbidden to exploit the wagon 
when the wheel-set wheel has a metal protuberance of 0.5 mm height in passenger vehicles 
and of 1 mm height in freight vehicles. The wheelsets of the wagons are replaced in the 
intermediate station if metal protuberances are above permissible norms (TNN,1996). 

When solving the problems of wheel and rail wear, special attention is paid to friction forces, 
which are caused by interaction between the wheel and rail  

Metal protuberances are rarely included in the mathematical models of system Vehicle -Track 
due to complex and different geometric shapes. The authors have failed to find other articles 
about metal protuberance of the wheel and its effect to the system Vehicle- Track. A newly 
developed mathematical model of system Vehicle-Track is presented, which allows 
determination of interaction between a wheel with metal protuberance and rail, and shows its 
effect to dynamic loads. 

 

RESULTS AND CONCLUSIONS 

In Figure 1 (a) variation of friction force Ffric(t) in the contact, caused by interaction between 
wheel and rail, is shown at time interval from 1 s to 1.7 s, when the vehicle movement speed 
is 100 km/h and metal protuberance length is 100 mm and height is 0.5 mm. 
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In Figure 1 (b) the same force is shown at time in from 1.395 s to 1.41 s (this time interval 
was chosen due to highest impact of negative force found in the first interval). Sleepers are 
marked as squares and can be seen on the time axis. 

 
          (a) 

 
          (b) 

Fig. 1 - Variation of friction force Ffric(t), when vehicle wheel is with and without metal 
protuberance and at time intervals: a) from 1.0s to 1.7 s, b) from 1.395 s to 1.41 s. 

The friction force appears when wheel interacts with rail at support points. It works at 
direction opposite of the vehicle wheel slip direction. Friction force is a vector, whether its 
value is positive or negative depends on other vectors in the system Vehicle-Track.  

Results obtained after the calculations allows to a thorough analysis of the interactions 
between elements in the system Vehicle-Track, when vehicle wheel is with a metal 
protuberance.  
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ABSTRACT 

ABSTRACT 

This work investigates a basic problem in crashworthiness by finite element modelling. A 
circular plate in aluminium alloy is the material used as a target. Different impact conditions 
are simulated. The projectile is modelled as a rigid body, as a harder body compared to the 
target, and a softer as well. An Arbitrary Lagrangian Eulerian formulation, coupled to a 
Cockroft and Latham element deletion model is used for simulating the transition from ductile 
to brittle fracture. Results by finite elements are compared to experimental tests and analytical 
models based on the energy of the impact.  

Keywords: high strain rate, aluminium plate, finite elements, fracture. 

 

INTRODUCTION 

Crashworthiness is an area of ongoing research and the comprehension of phenomena 
involving high and low energy impacts are relevant to a wide range of engineering 
applications, first of all safety in transport. The core of research in crashworthiness is 
essentially based on crash test. However, the main problems in the experimental approach are 
the high cost of test, the non-repeatability, and the difficulty in having a deep insight in the 
problem. Numerical simulation of dynamic impact events has reached a level of maturity at 
which it is often used as a design tool for a wide variety of transport structures in aerospace 
and automotive industry. Explicit transient finite element modelling of even the simplest of 
problems, such as a regularly shaped projectile impacting a flat plate can result in widely 
varying results, depending on the material and failure models, available material properties, 
the contact models, the mesh density, and a number of different numerical parameters that 
must be specified in the computer codes. Accurate impact models includes high strain rate 
material properties, failure modes, and static properties: a comparison with impact test 
measurement is necessary to validate the impact model. However the difficulties in obtaining 
quantitative measurement lead to considerate the role of finite element simulations as the 
main design method in crashworthiness, if simple models are supported by experimental 
analysis [1].  

From a mechanics viewpoint, the consequences of an impact are threefold. First, stress waves 
or shock waves are propagated inside the impacted bodies, and the propagation of these 
waves must be understood. Second, large inelastic deformations might be developed, typically 
at high rates of deformation. Third, the entire impacted structure might be excited by the 
impact, leading to structural dynamics and vibration problems. This research work will not 
consider the third of these consequences. From a velocity point of view, ballistics impacts 
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occurs within 1-2 km/s and vehicle impacts within 0.2-1 km/s, with the peak strain rates 
within the order of 105 s-1 to 106 s-1 [2].  

However, the solution is strongly dependent on material model. This work investigates the 
problem of impact on a circular plate in Al2024 T3, a material widely used in aerospace and 
automotive industry.  

 

FINITE ELEMENTS APPROACH 

Simulations were carried out on the commercial software DEFORM-3D v6.1, with an 
Arbitrary Lagrangian Eulerian formulation and automatic remeshing. Remeshing parameters 
were set in order to obtain the finest mesh were high speed deformation occurs. Remeshing 
triggers are listed here: interference depth, strain intensity, strain rate intensity, quality of the 
tetrahedral elements (overall deformation of the elements). The simulation represents a rigid 
cylindrical projectile impacting at 200 m/s and passing through a Al2024 T3 round plate with 
a radius of 100 mm and a thickness of 3 mm. In order to save computational resources, 
symmetries were used, so that only a quarter of the plate was simulated. The plate was 
meshed by a mainly tetrahedral mesh with 58527 elements (13711 nodes). Figure 1 shows an 
overview of the FE model with the elasto-plastic model of plate with the rigid bullet 
impacting on the centre of the plate.  

 

 

 

Fig. 1 - Overview of the finite element simulation geometrical setup with symmetries 

 

An adaptive remeshing algorithm activate by a relative interference depth of 0.7 allows the 
recalculation of the mesh when the deformation of elements exceed the 70% of their length. 
The initial mean element length is 1.5 mm, however, as mesh deformation occurs due to the 
impact of the cylindrical bullet, the element size in the remeshing is inversely proportional to 
strain and strain rate, in order to capture strain and strain rate dependent phenomena in the 
region of interest (ROI). The mesh size ratio between the largest and the smallest element was 
set to 15, so that the smallest element in the mesh has a size of 0.1 mm. Figure 2 illustrates  
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Fig. 2 - As the bullet deeply impact into the plate, adaptive remeshing is activated and a new mesh 
is generated with the smallest elements concentrated in the region of interest (ROI) 

 

FLOW STRESS AND DAMAGE MODEL 

In order to account strain hardening, flow stress models as a function of the strain rate have to 
be were used in the finite element simulations. Flow stress models set the relation between the 
plastic flow stress σ , the effective strain ε  and the strain rate ε& . More complex models 
involves the temperature rise during deformation. Various analytical equations have been 
used to fit the flow stress data obtained from tension, compression, and torsion tests. The 
specific form of the equation usually depends on the test temperature and on the strain rate 
[5]. The use of two different flow stress models [6] was used in this research work:  

yc mn += εεσ &  

(Eq. 1 - Power Law flow stress model) 
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(Eq. 2 - Johnson - Cook flow stress model) 

 

Flow stress data by Rodriguez-Martinez et al. [7] was used for model fitting:  

 

Table 1 - values for Power Law flow stress model 

C N m y 

84.0972 0.419404 0.0140737 270 
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Table 2 - values for Johnson-Cook flow stress model  

A B C N m Troom Tmelt 

2670.18 -2307.27 0.000745645 -0.0161982 3.44782 20 1500 

 

In finite elements simulations the Power Law was chosen since this flow stress model allowed 
a better agreement with the results obtained by Pereira [1]. 

In order to model the transition from ductile to brittle behaviour, the normalized Cockroft-
Latham element deletion approach was used. The Cockcroft-Latham damage model has been 
shown to be a good indicator of certain types of tensile ductile fracture in cold parts and high 
strain rate deformations [8]. The normalized Cockroft-Latham failure model is a criterion on 
the maximum deformation work a material can support before cracking (in the case of a 
homogeneous material) or unbounding (in the case of heterogeneous material).  

45.0.
0

*

==∫ constd

ε

ε
σ
σ

 

(Eq. 3 - The normalized Cockroft-Latham coefficient used in this research work) 

 

The ratio between the maximum stress (in any direction) *σ and the effective stress σ
integrated along the effective strain ε should be lower than a constant value, otherwise the 
element deletion occurs. If the mesh is extremely fine, the normalized Cockroft-Latham 
model shows a good correlation with experimental data obtained by Digital Imaging 
Correlation. The value of the Cockroft-Latham coefficient of CL = 0.45 shows a good 
correlation with the measurements taken by Pereira et al. [1]. 

 

 
Fig. 3- Comparison between the experimental tests and finite element model with CL = 0.45 

 

Figure 3 shows the experimental tests reported by Pereira et al. [1]. The bullet crashes into the 
Al 2024 T3 plate and the penetration depth is 2.70 mm for a local deformation zone with 2.43 
mm of thickness. On the right side of the image the finite element simulation carried out with 
the damage model by Cockroft - Latham shows similar dimensions. Also, both of the images 
show a built-up layer on the plug, with similar thickness.  



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
 
 

-1029- 

RESULTS 

Simulation results shows the bullet impact the plate after 13x10-6 sec. The elastic behaviour of 
the material propagate the stress wave at a speed of 2.5 km/s.  

 

Fig. 4 - Propagation of a stress wave within the plate 

 

 

CONCLUSION 

The finite element simulation of low ballistic rigid plug against Al 2024 T3 plate with flow 
stress model by power law and Cockroft-Latham damage model show a good agrements in 
terms of digital imaging correlation with the experimental tests. This lead to a better 
understanding of the stress wave propagation within the material during impact.  
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ABSTRACT 

The design of new composite layered personal armour requires both numerical modelling and 
experimental validation in order to balance between requirements posed by weight, cost and 
effectiveness. To develop lightweight solutions, ceramic and composite materials were used 
to defeat small arms ammunition.  In this study, the ceramic material, which is the front plate, 
has been made of Alumina Al2O3-98, Al2O3-99.7 or Boron Carbide B4C, and composite back-
up plate were composed of Kevlar reinforced. We used a finite element analyses with 
constitutive relations implemented in LS-DYNA to simulate the impact tests with real 
ammunition. Johnson Holmquist (JH2) and pseudo-geological model were used for ceramic 
tiles, while Chang-Chang failure model was used for composite plates. Experimental work 
involving impact tests on ceramic-composite at 830 m/s using 7.62X51 mm bullet. The Back 
Face Signature (BFS) was measured and cracking damage in recovered ceramic plates was 
characterized. The obtained results provided real data for the assessment of material 
parameters and the accuracy of the developed finite element model. The simulations 
successfully matched details of the cracking patterns and revealed the damage evolution in the 
ceramic tiles. Also, the B4C wasn’t found only to provide the lowest trauma effect, but also 
the lightest structure in comparison to Al2O3 -98 and Al2O3-99.7. 

Keywords: terminal ballistics, ceramic fracture, composite impact, finite elements. 

 

INTRODUCTION 

The non-metallic materials, such as ceramics and composites, have been increasingly 
incorporated into more efficient lightweight armour (Ong, 2011), (Tria, 2017). When a 
projectile impact onto ceramic/composite, the projectile is first eroded or flatted by the hard 
ceramic and the reflected tensile wave breaks the ceramic in tension. The backing composite 
layer deforms to absorb the remaining kinetic energy of the projectile (Feli, 2011), (Forquin, 
2015).  

The objective of this study is the development of a 3D finite element model for the simulation 
of ceramic-composite armour when it is subjected to FMJ bullet at the ordnance velocity. The 
cracking damage of ceramic tiles, failure based on fibre fracture, matrix cracking and 
delamination of composite materials, and erosion of FMJ bullet during perforation have been 
considered. 

 

RESULTS AND CONCLUSIONS 

When the projectile impacts the ceramic front plates made of Al2O3, a fragmented ceramic 
conoid breaks from ceramic tile (see Fig.1). Also, cracks were propagated until the free plate 
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edges. However, the ceramic conoid wasn’t seen in B4C tiles with a narrow cracked zone in 
comparison to Alumina tiles. Also, the smaller BFS was obtained by the use of tiles made of 
B4C (see Fig.2). 

  

 

 

 

Fig.1 - Front side of 
damaged Al2O3-98 

ceramics 

Fig. 2 - Front side of 
damaged B4C 

ceramics 

Fig. 3 - BFS 
measurement on 

plastilina 

Fig.4.- Penetration of the bullet in 
the armour 

The FE simulations (Fig.4. 5 and 6) successfully matched details of the cracking patterns and 
revealed the damage evolution in the ceramic plates. Also, composite delamination was 
predicted and the obtained BFS was in correspondence to the measured BFS. From the 
computed bullet residual velocity, B4C tiles showed the highest kinetic energy absorption 
level, which justifies the lowest trauma effect. 

  
Fig. 5 - Initial meshing of 7.62X51 mm bullet 

and ceramic-composite armour 
Fig. 6 - Cracking patterns and damage evolution in the 

ceramic plates made of Alumina. 
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ABSTRACT 

In this paper, the progressive collapse of foam-filled conical frusta is investigated through 
analytical model based on the kinematically admissible folding mechanisms. For this purpose, 
we improved our previous model by taking into account the friction between the foam filler 
and the shell wall. Both the mean and instantaneous crushing forces are derived from the 
energy conservation viewpoint. The energy dissipation comes from (i) the plastic deformation 
of the frustum shell, (ii) the crushing of the foam, and (iii) the interaction between the foam 
and shell, which is further composed of the contributions from the indentation of the foam by 
the shell, and from the friction during the foam/shell sliding. Our upper-bound model gives a 
closed form solution for the collapse of foam-filled frusta that can be used for crashworthiness 
management in automobiles. 

Keywords: crashworthiness, progressive collapse, foam-filled, frusta, friction. 

 

INTRODUCTION 

Vehicle crashworthiness is one of the most important considerations in car safety, especially 
in the current trends of new-energy engine and self-driving. Although numerous safety 
features exist in motor cars, proper design of effective energy absorbing structure is still the 
major approach to protect the occupants from the damage of shock loads during a crash event 
at the present stage. Thin walled metallic structures are typically used as energy absorbers due 
to their weight and cost effectiveness, ease of fabrication and assembly, and high specific 
energy absorption (SEA). For example, thin-walled columns are used in the design of crash 
boxes in the automotive industry to connect the bumper to the side rails to effectively improve 
the crashworthiness.  

Numerous efforts have been made by the scientific and engineering communities on the 
design of thin-walled structures to maximize their energy absorption capabilities. Extensive 
experiments and simulations have been carried out to investigate the effects of various 
material, geometric, and loading parameters on the collapse behaviour of empty and foam-
filled tubes. In spite of these efforts, major challenges still exist in understanding the 
underlying mechanisms, which is important for quantifying the energy absorption 
performance and further improving the design. Theoretical modeling of the progressive 
collapse of thin-walled tubes is still insufficient, especially for the foam-filled frustum. 

Recently, Meguid et al. (2015, 2016) developed a theoretical model. The model was based on 
a kinematically admissible mechanism of straight folds, and was able to predict the 
instantaneous crushing force as well as the mean crushing force from the energy conservation 
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principle. In this paper, we continue this work by further including the effect of friction 
between the shell and foam filler on the energy absorption, to give a more comprehensive 
description of the foam-shell interaction. 

 

METHODOLOGY 

We focus on theoretical modelling of the foam-filled thin-walled frustum collapsed in the 
concertina, i.e. axi-symmetric form. For this purpose, the deformation of the frustum shell is 
assumed to follow the kinematically admissible mechanism of three-limb repeated folding. 
Fig. 1 illustrates the configurations of the progressive folding mechanism.  

 
Fig. 1 - Configurations of the progressive folding mechanism 

The crushing force is calculated from the basic principle of energy conservation that the 
plastic dissipation equals to the external work. The dissipated energy consists of three parts, 
(i) the part dissipated in the plastic deformation of the frustum shell, including the bending of 
the plastic hinges and straining along circumferential direction, (ii) the part dissipated in 
crushing the foam itself, and (iii) the part dissipated due to the interaction between the foam 
and frustum shell. The energy contributed by the foam/frustum interaction is further 
decomposed into two parts, one from the indentation and squeeze of the foam by the folding 
shell, and the other from the friction during foam/shell sliding. The indentation force of the 
foam by the shell is represented by a uniform pressure equalling to the foam yield stress 
applied on the inside part of the fold. The foam/shell friction is represented by a uniform 
tangential traction applied on the inside surface of the shell that slides relative to foam filler. 
The crushing force is obtained by deriving the dissipated energy with respect to the crushing 
distance. The resulted crushing load is a function of the fold length and the folding parameter 
defined as the length ratio of the inward part to the entire fold. It is required that the selected 
folding scenario should correspond to a minimum averaged crushing force, according to the 
upper bound theorem. The fold length and the folding parameter are thus determined. 
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ABSTRACT 

This work exposes the possibilities to apply the hybrid spectrum decomposition and zero-
crossing technique for the phase velocity measurement of the Lamb wave fundamental 
modes. This technique has been investigated using modelled signals of the Lamb wave 
asymmetric A0 and symmetric S0 modes in two different objects: in homogenous aluminium 
plate of 2 mm thikness and nonhomogenous CFRP (Carbon Fibber Reinforced Plastic) plate 
of 0.2 mm thickness. The technique enables to evaluate the phase velocity dispersion of the 
Lamb waves and to reconstruct segments of the dispersion curves.  

Keywords: Lamb waves, frequency, dispersion, phase velocity. 

 

INTRODUCTION 

The ultrasonic guided waves are used in many industrial fields to inspect and evaluate various 
geometry and properties structures. These waves can propagate long distances with high 
sensitivity to structural changes (Toyama N.). According to propagating signal amplitude or 
velocity changes defects, delaminating, corrosions, cracks and non-homogeneous can 
therefore be detected in objects. 
However, guided waves possess a dispersion phenomenon which leads to two phase and 
group velocities are frequency depending and characterized by the dispersion curves and the 
infinite number of modes (Rose J. and Lowe M.J.S.). These complex features set hurdles to 
find out the useful received signal and to determine accurately the signal amplitudes and/or 
velocities. Therefore, it is necessary to evaluate the dispersion effect for different guided wave 
phase and group velocities. To evaluate the Lamb wave phase velocity, a measurement 
technique based on the zero-crossing approach combined with the spectrum decomposition 
method is proposed. The proposed technique has been investigated using signals of the 
asymmetric A0 and symmetric S0 modes obtained using 2D finite element model of an 
aluminium plate and 3D of a CFRP plate. The excitation signal 300 kHz burst with the 
Gaussian envelop was used to obtain Lamb wave signals propagating in an aluminium plate 
and 400 kHz to obtain those propagating in CFRP plate. In both cases, the Lamb wave A0 
mode is analyzed in strong dispersion range meanwhile the S0 mode in almost non dispersion 
range. 
 

RESULTS AND CONCLUSIONS 

The results of the reconstructed phase velocity dispersion curves of the A0 and S0 modes 
propagating in an aluminium plate are shown in Fig. 1. and in CFRP plate in Fig.2. The 
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frequency values of the A0 mode are distributed from 136 kHz up to 463 kHz the S0 mode 
from 135 kHz up to 462 kHz in case of aluminium plate and in case of CFRP plate the 
frequency values are distributed of the A0 from 122 kHz up to 670 kHz and the S0 from 242 
kHz up to 697 kHz.  

 
Fig. 1 - Reconstructed phase velocity dispersion curves of the A0 and S0 modes propagating 

in aluminium plate 
 

 
Fig. 2 - Reconstructed phase velocity dispersion curves of the A0 (a) and S0 (b) modes 

propagating in CFRP plate 
 

This study shows that the proposed hybrid measurement technique enables to reconstruct the 
phase velocity dispersion curves in different ranges of the dispersion. The carried out 
investigations have established that using the proposed technique the phase velocity 
dispersion curves can be restored in the frequency range with a width that can be determined 
from the analyzed signal frequency spectrum. 
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ABSTRACT 

This work aims at studying the conditions for fragmentation and further crack arrest 
capability of shock-resistant PMMA under impact loading. Kalthoff and Winkler (KW) 
impact tests, which consist in impacting the edge of a double-notched plate, were carried out 
at various impact velocities. It is notably shown that the higher the impact velocity the larger 
the number of fragments. Moreover, depending on the impact velocity, changes in the crack 
path can be seen and thus in the mechanisms controlling the PMMA fracture can be further 
understood. Effect of impact velocities on PMMA fractography was then analysed using 
scanning electron microscope (SEM) which managed to observe different patterns of crack 
propagation. 

Keywords: PMMA, impact, fragmentation, crack arrest. 

 

INTRODUCTION 

The Polymethylmethacrylate (PMMA) is a thermoplastic polymer that is extensively used in 
many applications such as automotive, medical, industries and consumer markets. It is a 
structural polymer that is lightweight and has good impact resistance with low production 
cost, see Jin et al. (2015). It can be easily fabricated by various techniques such as injection 
molding, extrusion as well as vacuum forming. Regarding its transparency, it is widely used 
as a substitute for inorganic glass due to its shatter, scratch and weather resistance while 
exhibiting favorable processing conditions, see Ali et al. (2015). This makes PMMA a 
suitable material for protection windows against bullet and blast, see Moy et al. (2011). 
Regarding its suitability in many applications, PMMA is exposed to many types of 
environmental and loading conditions which requires for better understanding of its 
mechanical behavior, see Adel et al.(2017). Therefore it is crucial to investigate its damage 
and fracture mechanisms in order to develop a better design for specialized tasks. Fracture 
process of many glassy polymers is usually associated with craze formation and governed by 
craze growth and breakdown. Depending on the loading conditions, one can observe several 
distinct patterns on fracture surfaces, such as radial striations, regularly spaced 'rib' markings 
and conic-shaped patterns, etc, see Wenbo et al.(2013). 

The present work aims at studying the conditions for fragmentation and further crack arrest 
capability of shock-resistant PMMA under impact loading. Kalthoff and Winkler (KW) 
impact tests, which consist in impacting the edge of a double-notched plate, were carried out 
at various impact velocities. Effect of impact velocities on PMMA fractography is then 
analysed using scanning electron microscope (SEM) which managed to observe patterns of 
crack propagation. 



Topic-J: Impact and Crashworthiness 
 
 

-1038- 

EXPERIMENTS 

The PMMA under consideration in the present work is the shock-resistant Plexiglass Resist®. 
Kalthoff and Winkler (KW)-type impact tests, which consist in impacting the edge of a 
double-notched plate, see Roux et al. (2015), were carried out using Institut Clément Ader 
Lab. Impact facility at different impact velocities comprised between 50 and 100 m/s, in order 
to study the effect of the impact velocity on the crack arrest capability of the PMMA under 
consideration. The plate dimension was 40x80x6mm3 with notches of 300µm-thickness and 
20mm-length. It was placed inside a closed chamber as can be seen in Figure 1(a). A 6m-
length gas launcher was used to launch a 20mm-diameter cylindrical steel projectile      
(Figure 1b). A Photron SA5 high speed camera was used to observe the projectile/plate 
interaction at 105fps (frame per second) and 320x192pixel2 spatial resolution. 

Fracture surface morphology analysis, using scanning electron microscopy (SEM), is one of 
the important methods to study the polymer fracture mechanism. Fragments from impacted 
specimens were collected in order to investigate the difference of fracture morphology 
between the different impact velocities. Fragments were coated with gold for better 
conductivity before observation.  

 

(a)                                      (b) 
 

Fig. 1 - (a) KW-impact type specimen was placed in the chamber to be impacted by a steel projectile;  
(b) 6m gas launcher which launches the projectile at various impact velocities 

 

RESULTS AND CONCLUSIONS 

Figure 2(a) shows the specimens of the shock-resistant Plexiglass Resist® before impact test. 
The fragmented specimens after impact test are shown in Figure 2(b) for two impact 
velocities, namely 50 and 100 m/s. According to Figure 2(b) and a complementary campaign 
of impact tests (not shown here), it can be seen that the higher the impact velocity the larger 
the number of fragments. The total energy imparted to PMMA is expected to be mostly 
absorbed either as elastic strain energy or as fracture energy or combination of these two 
energies, see Acharya (2014). On the other hand, under high strain rates, a part of the energy 
brought to the material is dissipated as heat causing a thermal softening, see Chou et al. 
(1973) and Richeton et al.(2006). However the brittleness of PMMA which increases with 
increasing strain rate seems to overcome the thermal softening effects.  

Direction of impact 
KW specimen 6m gas launcher 
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(a)                                                                    (b) 

 
Fig. 2 - (a) Unimpacted specimen of shock-resistant PMMA (i) without notch (ii) with 2 notches (KW-type 

specimens); 1(b) Fragmented KW specimens after different impact velocities 
 

There are also significant differences in the fracture pattern depending on the impact velocity 
magnitude. In particular, at the lower impact velocity, the fragmentation occurs by the 
propagation of two symmetric cracks initiated from both notch tips and results in a single 
fragment. At the higher impact velocity, there seems to be a competition between the 
aforementioned Mode I-controlled crack propagation and a (near) Mode II-controlled crack 
propagation in the extended inelastic/damaged (opaque, white) zone. As a consequence, 
different mechanisms of failure are activated depending on the impact velocity magnitude.  

Figure 3a shows the fragments of PMMA placed in a gold sputter machine to coat the top 
surface of fracture. As can be seen in Figure 2, the surface roughness of fragments after two 
different impact velocities shows different patterns of fractures. Fragment from lower impact 
velocity shows continuous smooth finishing while interrupted surfaces with steps are 
observed on fragments impacted at higher impact velocity. These fragments were then placed 
in the SEM for fracture analysis. 

 

         
 

(a)                                                                    (b) 

Fig. 3 - (a) Fragments were coated using a gold sputter machine; 1(b) Fragmented KW specimens 
after different impact velocities (with gold coating on surface) 

 

 

Area observed by  SEM 

50 m/s 100 m/s 
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The effect of impact velocity on PMMA was analyzed by scanning electron microscopy. SEM 
fractography of PMMA after impact at 50m/s is depicted in figure 4. It exhibits a conic shape 
pattern which features fracture surface when relatively slow crack growth has taken place, see 
Wenbo and Tinqing (2003). The whitening characteristics that can be seen in figure 4 (b) 
represent the crazing effect on the PMMA that alter the optical properties due to light 
scattering, see also Farias (2015). 

 

              
 

(a)                                                                    (b) 

Fig. 4 - The SEM picture of PMMA at 50m/s (a) 50Xmagnification (b) 200X magnification 

 

Fractography images from PMMA impacted specimen at 100m/s can be seen in figure 5. The 
images (a) and (b) correspond to the images at magnification of 50X and 200X respectively. 
By increasing the impact velocity, the dissipation induced temperature also increased leading 
to local melting, see Ghorbel (2014). This can be seen from the SEM image in figure 5 for the 
impact at 100 m/s, where fibrous structure can be observed in the PMMA under 
consideration. It is to be noted that this structure is not observed at lower velocity. Further 
microscopic investigation is in progress in order to interpret these results. 

 

               
 

(a)                                                                    (b) 

Fig.  5 -  The SEM picture of PMMA at 100m/s (a) 50X magnification (b) 200X magnification 
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CONCLUSION 

The investigation concerns the effect of impact velocity on the fragmentation of shock-
resistant PMMA and its fracture behavior. It is demonstrated that the higher the impact 
velocity, which means the higher the strain rate, the large the number of fragments. Multi-
fragmentation is accordingly increasing with increasing impact velocity. Crazing effects can 
be seen on the fracture surface using the Scanning Electron Microscope (SEM) by the 
presence of white regions. Furthermore, high impact velocities lead to local melting of 
PMMA as can be observed in the SEM images. 
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ABSTRACT 

Three new vehicle concepts are being developed at the German Aerospace Center (DLR) as 
part of the Next Generation Car META-project: Urban Modular Vehicle (UMV), Safe Light 
Regional Vehicle and Interurban Vehicle. A high grade of modularity is the main design 
specification of the UMV concept. This significantly influences the design of the main 
structural components. In the presented contribution, the focus lies on the development of an 
intelligent design and optimisation process for this highly modular vehicle concept. 
Therefore, a crash optimisation strategy was developed which allows the identification of the 
right material and the required geometry for the main crash related components. 

Keywords: crashworthiness, safety, optimisation, car crash. 
 

INTRODUCTION 

Today’s vehicles and their body structures are characterised in particular by their drive 
technology and the given crash certification requirements. Currently, many concepts have a 
traditional combustion engine at the front of the vehicle and a gearbox in the transmission 
tunnel. Due to the electrification of vehicles, vehicle concepts and their body-in-white 
structures must be rethought.  

The UMV concept is a highly modular and intelligent battery-electric vehicle. The modularity 
of the UMV mainly affects the development of the structural design [1]. By dividing the 
structure into a central stretchable floor region (with an integrated battery box) and 
exchangeable crash elements in the front and rear of the vehicle, a modular platform can be 
obtained, on which different vehicle concepts (from a basic sub-compact up to a cargo 
version) can be built without significantly changing the global structural architecture of the 
car.    

 
 

Fig. 1 - Modularisation concept of the UMV  
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RESULTS AND CONCLUSIONS 

A methodological approach for the design process of this modular battery-electric vehicle was 
developed. The investigation showed that the integration of the new components (e.g. the 
volume- and mass-intensive battery) allows new modularisation strategies of the global 
vehicle architecture. Therefore, a modular floor concept was developed through the intensive 
use of optimisation studies and virtual testing. In the floor concept the variable mass of the 
different vehicle concepts can be directly addressed by adapting the trapezoidal crash element, 
which is positioned at the location of the door sills [2]. The functionality and the required 
energy absorption characteristics of the floor concept could be proven in an experimental 
campaign.  

Another important structural region for passive safety is that of the longitudinal beams in the 
front and the rear of the car. Within the UMV these beams are implemented as extruded 
profiles for longitudinal beam and crash box with defined deformation characteristics. The 
design of the exchangeable extruded profiles and subsequently their deformation 
characteristics is mainly defined by the masses of the different vehicle concepts. Therefore, an 
optimisation strategy is presented which allows the identification of the right material and the 
required geometry for these important crash-related components. 

 
Validation of the numerical tools Optimisation of the crash performance 

  
Fig. 2 - Validation of the numerical tools and structural optimization of the UMV body structure 

 

In the talk the methodological approach for the development of this modular electrical car 
architecture is presented. Herein, the main focus lies on the applied modelling and 
optimisation strategy for the virtual identification of the essential deformation elements with 
the required energy absorption characteristics. 
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ABSTRACT 

Thin walled multi-cell columns are highly efficient in energy absorption under axial crushing 
loads. In this study, the dynamic axial crushing of bi-tubular metallic cylindrical tubes is 
numerically studied. Proposed Bi-tubular tubes are unique in the feature as the inner tube is 
conical in shape and outer tube is circular, along with stiffeners in between these tubes. The 
inner tube conical angle named as β is varied from zero to 5 degrees and its sensitivity in 
energy absorption is studied. In total six configurations with varying β from 0 to 5 with 1 
degree increment in each configurations are studied. Deformation modes, specific energy 
absorption and crushing efficiency are discussed and a generic contribution of β is proposed 
for such configurations.  

Keywords: bi-tubular, dynamic crushing, numerical modeling, specific energy absorption, 
stiffener, conical. 

 

INTRODUCTION 

Multi-cell thin walled tubes are hugely under research focus as with increasing demand for 
safety and energy absorption in aerospace and automotive structures.  They can be used as an 
energy absorber in the energy-absorbing devices such as vehicle structural components (front 
rails and low rails of the passenger car) (Yin, 2014), train buffers (Marsolek, 2004) and 
helicopter subfloors (Kindervater, 1997).  

An ideal energy absorber should resist impact loads without causing a complete instant 
failure, and dissipate impact energy with controllable deformation. Energy absorber capacity 
of an energy absorber is dependent on material properties, cross-section configurations, wall 
thickness and boundary conditions.  

In this study, a new configuration of multi-cell thin walled bi-tubular configuration with 
joining stiffeners in between two tubes is presented. The outer tube is circular while inner 
tube is conical in shape with varying angles with vertical reference of outer tube as shown in 
Figure 1. Six configurations are named as SCβ-n where SC stands for straight-conical and β-n 
is the inner conical tube reference angle which varies from 0 to 5 degrees. 

A finite element analysis of all of the proposed configurations is performed in ABAQUSTM 
Software Explicit Dynamics (ABAQUS, Version 6.15) and model is validated against 
published results for bi-tubular system (Tang, 2013). A comparison is shown for the energy 
absorption and the deformation modes for all of the proposed configurations. 
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Fig. 1 - Schematic drawing of the proposed configuration 

 
RESULTS AND CONCLUSIONS 

All the tubes deformed in axisymmetric or concertina mode which is the desirable mode of 
deformation for better energy absorption. The deformation starts from the crushing/top end 
and goes down to the fixed side.  However, the deformation starts from the crushing end in 
SCβ-1 configuration but after few lobes formed, crushing from the bottom end was also 
observed. SCβ-2 shows the same deformation pattern as observed in the case of SCβ-1 but the 
crushing process is smoother than the former, which is one of the reasons for better energy 
absorption of SCβ-2. For the case of SCβ-3, deformation starts from the crushing end and 
goes down towards the other side. In this case, a drop in initial peak force is observed and also 
more abrupt fluctuation around the mean crushing force. SCβ-4 and SCβ-5 configurations 
shows almost the same crushing behavior as that of SCβ-3 but a decrease in the initial peak 
force compared to the previous case and also an abrupt fluctuation was observed around the 
mean crushing force. Figure 2 shows the deformation modes and lobes formation for all of the 
configurations at the full crushed phase. 

 
Fig. 2 - Deformation modes for all of the configurations (Lobes behavior) 
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ABSTRACT 

The dynamic behaviour of sandwich plates with auxetic core subjected to air blast loading is 
investigated numerically. The plates are considered to be made of carbon/epoxy face sheets 
and auxetic cores in the shape of “antitetrachiral” and “missing rib”. The air blast loading is 
described by Friedlander decay function. The sandwich plate subjected to air blast loading is 
modeled by using the finite element method. An explicit analysis is performed. The 
displacement time history and the displacement and stress distributions on the plate and 
auxetic core are obtained at the time of peak displacement. The results obtained for sandwich 
plates with antitetrachiral and missing rib auxetic cores are compared and discussed. 

Keywords: auxetic materials, sandwich plate, blast loading, finite element method. 

 

INTRODUCTION 

The negative Poisson’s ratio could be an important factor on the blast resistance of structures. 
The materials with negative Poisson’s ratio which are named as “auxetic” were first 
discovered by Evans (Evans, 2000). Since auxetics have high shear modulus and shock 
absorption capability, they show high resistance against in-plane crashes and could be used in 
cars’ crash boxes, airplanes, life vests, etc. For their interesting material properties, 
researchers investigated auxetic materials. To name a few, Subramani et. al. performed tensile 
tests on the materials with Poisson’s ratios between -0.3 and -5.2 (Subramani, 2014). They 
stated that the material with the lowest Poisson’s ratio (-5.2) showed the highest tensile 
strength. It can be said that the tensile strength is increased as the Poisson’s ratio is increased 
in the negative direction. Alderson and Alderson compared impact analysis for both auxetic 
and non-auxetic materials (Alderson, 2007). They observed that much more damage occurred 
in non-auxetic materials for the specimens they used. Also, for non-auxetic materials, the 
length of the part affected by the damage is bigger than the auxetic ones. Evans focused on 
the negative Poisson's ratio at the molecular level (Evans, 2000). He summarized producing a 
larger model from molecular level mechanism. Ma et al. studied to improve the antitetrachiral 
structure with adding polymer to cylinders (Ma et. al., 2013). All of the cylinders of 
antitetrachiral shape are filled with polymer to investigate the strength improvement. Both 
numerical analysis and experimental tests are performed. It is found that filling the cylinders 
does not change overall strength slightly. 

The materials with negative Poisson’s ratio are very rare in nature. But, the negative Poisson’s 
ratio could be obtained by considering special geometrical shapes for the plate structures. In 
this study, the materials with negative Poisson’s ratio are created by using two different 
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geometrical shapes. The sandwich plates used these auxetic shapes as a core material are 
investigated under air blast loading numerically and results are discussed in detail. 

 

NUMERICAL STUDY 

The auxetic cores with negative Poisson’s ratio are created by using two different geometrical 
shapes, namely, “antitetrachiral” (Fig.1) and “missing rib” (Fig.2). The sandwich plates with 
auxetic cores are modeled by using the finite element method. The face sheets are made of 
CFRP (Carbon Fiber Reinforced Polymer) laminated plates. The stacking sequence of 
laminated sandwich plate is considered as [0/90/0/90/core/90/0/90/0]. Each layer of the face 
sheets is modeled by using 2916 shell elements. The layers are connected to each other by 
using tie-break contact. Both top and bottom face sheets consist of four layers of 
carbon/epoxy. The thickness of each layer is taken as 0.2 mm. The auxetic core is made of 
ABSplus material. The core is also modeled by using shell elements. The total number of 
elements used for the auxetic cores in antitetrachiral shape and in missing rib shape are 4068 
and 3764, respectively. The dimensions of the plate is 135 mm x 135 mm. The diameters of 
the cells in antitetrachiral core is 10 mm and the central distance is 25 mm. The core wall 
thickness is taken as 1 mm and 0.5 mm. The core thickness is taken as 5 mm for all sandwich 
plates. The material properties used for face sheets and auxetic core are shown in Table 1. The 
sandwich plates considered in this study are shown in Table 2. The finite element model of 
SP_1 plate is shown in Fig. 3. 

 

 
 

Fig. 1 - Auxetic core in antitetrachiral shape 
 
 

 
 

Fig. 2 - Auxetic core in missing rib shape 
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Fig. 3 - The finite element model 
 

 
Table 1 - Material Properties 

 

Material properties ABSplus Carbon/Epoxy 

Moduli of elasticity (GPa) E = 2.25 
E1 = 112.3 

E2 = 7.58 

Density (ρ) (g/cm3) 1.04 1.65 

Poisson’s ratio (ν) 0.35 0.209 

Yield strength (σY) (MPa) 31  

Longitudinal compressive strength (σC) (MPa)  1130 

Longitudinal tensile strength (σT) (MPa)  2070 

Transverse compressive strength (σC) (MPa)  61 

Transverse tensile strength (σT) (MPa)  205 

 
 

Table 2 -Core Properties 
 

Name Core geometry Core wall thickness (tc) 
(mm) 

SP_1 Antitetrachiral 1 

SP_2 Antitetrachiral 0.5 

SP_3 Missing rib 1 

SP_4 Missing rib 0.5 

 

 
A uniformly distributed air blast load is applied on SP_1, SP_2, SP_3 and SP_4 plates. The 
air blast load is described by a Friedlander decay function. The peak pressure is taken as 30 
kPa and the positive phase duration is 15 ms. The air blast load is shown in Fig. 4. The 
numerical analysis is achieved by using an explicit finite element solver. 
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Fig. 4 - Air blast loading 

 
 
RESULTS AND DISCUSSION 

It is observed that the plate vibrates under the applied load. The displacement time history of 
the center point on the top layer in the z direction, which is perpendicular to the plate surface, 
is shown in Fig. 5 for all sandwich plates considered here. It is shown that the displacement is 
decreased as the core wall thickness is increased. Therefore, it could be said that the stiffness 
of the sandwich plate is increased by increasing the core wall thickness. 

The displacement in the z direction, the stresses in the x and y directions of the SP_1 plate are 
given in Fig. 6 - Fig. 8 at the time that the displacement reaches the first peak point, 
respectively. It is observed that the maximum stresses do not exceed the strength of laminated 
face sheets. The von Mises stresses in the auxetic core of SP_1 plate subjected to air blast 
loading is shown in Fig. 9 at the time that the displacement reaches the first peak point. It is 
observed that the von Mises stresses in the auxetic core is below the stresses occurring in the 
face sheets. This is because the modulus of elasticity of core is much lower than the modulus 
of elasticity of face sheets. 

The displacement in the z direction, the stresses in the x and y directions of the SP_3 plate are 
given in Fig. 10 - Fig. 12 at the time that the displacement reaches the first peak point, 
respectively. It is observed that the maximum stresses do not exceed the strength of laminated 
face sheets. The von Mises stresses in the auxetic core of SP_3 plate subjected to air blast 
loading is shown in Fig. 13 at the time that the displacement reaches the first peak point. It is 
observed that the von Mises stresses in the auxetic core is below the stresses occurring in the 
face sheets. 

 

 
Fig. 5 - The displacement time history 

 
 

Fig. 6 - The displacement distribution on SP_1 plate (mm) 
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Fig. 7 - The stress distribution in the x direction on 
SP_1 plate (MPa) 

 
 

Fig. 8 - The stress distribution in the y direction on 
SP_1 plate (MPa) 

 

 
 

Fig. 9 - The von Mises stress distribution in core of 
SP_1 plate (MPa) 

 
 

Fig. 10 - The displacement distribution on SP_3 plate 
(MPa) 

 

 
 

Fig. 11 - The stress distribution in the x direction on 
SP_3 plate (MPa) 

 
 

Fig. 12 - The stress distribution in the y direction on 
SP_3 plate (MPa) 

 

 

 
 

Fig. 13 - The von Mises stress distribution in core of 
SP_3 plate (MPa) 
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CONCLUSIONS 

The displacement amplitude is decreased as the core wall thickness (tc) is increased for both 
auxetic shapes. The displacement in case of missing rib auxetic core is lower than that of 
antitetrachiral auxetic core. This is because the missing rib configuration considered in this 
study is denser than the antitetrachiral shape. The core wall thickness also has an important 
effect on the displacements. The displacement amplitude is decreased an important amount by 
increasing the core wall thickness. The midrange displacement value is also decreased as the 
core wall thickness is increased. 

The stresses on the face sheets are almost uniformly distributed which indicates that the 
auxetic core contributes to transfer the load through the face sheet and the uniform load 
sharing (Fig. 7 and Fig. 8). The denser core (missing rib) contributes to unifrom load sharing 
more than auxetic core which is less dense (Fig. 11 and Fig. 12). Stresses on the face sheets 
remained nearly constant during time because the midrange deformatins are greater than the 
deformation amplitude for all sandwich plates considered in this study. 

As mentioned above, maximum stress values remain nearly constant over the time. The 
lowest stress value is seen at the missing rib with 1 mm wall thickness. As the core wall 
thickness is reduced, stress value is increased. 

The study showed that the some parameters, such as core cell density, core wall thickness and 
core shape, effect the overall plate dynamic behaviour. This provides us to design optimum 
sandwich plates with regard to the dynamic response. 
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ABSTRACT 

Interest to crash response of vehicle parts is increasing closely related with their  importance 
for safety of passengers. In low velocity crash case, integration of foams to tubular systems 
shows positive effect on the performance. While foams are classified stochastic micro lattice 
structures, recently, dynamic behaviour of lattices in macro size are being researched with 3D 
printing technique. In addition to conventional macro lattices showing positive Poisson’s ratio 
have good energy absorbing capabilities, with only geometrical modification macro lattices 
with negative Poisson’s ratio can be created and have better energy absorbing capability than 
conventional ones. In this study, in different dimensions, blocks of anti-tetrachiral metallic 
lattices  exhibiting negative Poisson’s ratio, are modelled. Crushing behaviour of them is 
investigated under low-velocity impact using explicit and implicit FEA tools. With the results 
of this study, suitable width-lenght ratio  of macro level anisotropic anti-tetrachiral lattices 
will  be able to classified. In addition to that, force-time behaviour in different impact 
velocities will be able to understood to use in not only tubular systems but also in sandwich 
structures as core part. 

Keywords: crash response, auxetic, finite element, impact. 

 

INTRODUCTION 

Crash safety of the vehicles encountered against the impact in different velocities is very 
important. Crash in automobiles are classified as low-velocity impact. Research on occupant 
safety is continued while in these velocities (1-20 m/s) the crashboxes in front of the vehicles 
are designed in strict standards. In this manner, different type of materials are suggested by 
researchers to have efficient products. Aluminium or steel based crash tubes are still 
important for crash tubes while new, made of carbon fiber tubes are being manufactured.  

The most important phenomenon in a crush or crash situation is surely to absorb the kinetic 
energy. Crash tubes are designed for that purpose of absorbing crash or crash energy of an 
impact situation. They have the ability to absorb and convert large amounts of kinetic energy 
into plastic strain energy under severe loading conditions. Therefore, crash tubes’ practical 
usage area provide a continued interest on their axial crashing and crushing behaviour 
(Abramowicz and Jones 1986; Alavi Nia and Haddad Hamedani 2010; Jensen et al. 2004; 
Jones 1996; Karagiozova et al. 2000; Wierzbicki and Abramowicz 1983; Zarei et al. 2008). 
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Foam filling materials result in a significant improvement when they are used in crash tubes 
aiming passive safety of the vehicle, owing to their excellent energy dissipation properties. 
Effort is currently underway to minimize occupant head injury during an impact. The severity 
of injuries can be prevented or at least mitigated by the use of structural foams as cushioning. 
Energy is dissipated through the cell bending, buckling or fracture, but the stress is generally 
limited by the long and flat plateau of the stress-strain curve. This behavior explains the high-
energy efficiency that can be obtained with foamed materials. Moreover, for the same amount 
of dissipated energy, the foam specimen always gives a maximum force lower than the 
corresponding solid specimen of equal volume made of the material from which the foam is 
derived. Toksoy and Güden investigated effect of alumium and poly-strene  foam fillings in 
cylindrical tubes (Aktay et al. 2006; Toksoy and Güden 2005). As a result of foams’ 
interaction with tubes, buckling type and efficiencies of tubes are changed. Mohammadiha 
and Beheshti (2014) studied effect of functional graded foam density in conical tube. Abedi et 
al. (2012) developed theoratical models for empty and foam filled quadrangle columns to 
compare experimental and FEA results. 

Lattice structures are widely used in aerospace, automobile, space applications for their 
superior impact absorbing and vibration damping capabilities. They can be constructed in 
micro (Liu et al. 2014; Smith et al. 2013; Vaziri and Ghosh 2014) or macro level (Lee et al. 
2013; Liu et al. 2015; Smith et al. 2013). In term of micro level, foam structures are classified 
as lattice structures too. Foams are tested in crash tube applications as an example of 
stochastic micro lattices while macro level lattice structures are used in sandwich structures as 
core material. Measuring crush force efficiency of macro lattice in passive safety components 
is  needed to investigate as their sandwich core applications. In addition to foams’ showing 
conventionally positive Poison’s ratio, recently,  there is increasing interest to the auxetic 
materials which are showing negative Poisson’s ratio thanks to its higher energy absorbing 
capability for impact response (Scarpa et al. 2004; Schultz et al. 2012; Zhang et al. 2015). 
Zhang et al.(2015) studied crushing behaviour of a type of auxetic lattices as a honeycomb 
with finite element analysis and according different impact velocities, plate stress and stress- 
strain diagrams are created. 

In this research study, auxetic anti-tetrachiral lattice structures are modelled to analyse with 
aim of measuring energy absorbing capability. Due to nature of crash event, metallic lattice 
absorbing more energy comparing to plastic lattices are modelled in ABAQUS software. Low 
velocity impact behaviour of anisotropic anti-tetrachiral lattices are measured by scaling 
lattice parameters for filling crash tubes. Superior mechanical performance of this lattices has 
been reported previously (Chen et al. 2013). Current study will address dynamical response of 
anti-tetrachiral lattices. In addition to that, lattice blocks being investigated in this study will 
be able to be placed as multi-storied sandwich structure in crashboxes so that new crash box 
designs can be created. 

 

NUMERICAL SIMULATION 

Vehicle passive safety components are designed according their crush force efficiency and 
specific energy absorbation values. For this purpose, peak crush force, mean crush force and 
deflection data under axial impact load are obtained. In this step, as a filling material, 
designed anti-tetrachiral systems’s crash force response is investigated autonomously. In 
addition to crash tube or sandwich systems’s  efficiency measurement with these data in low 
velocity impact, as a foam behaviour measurement tool; force-time curve is created to 
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measure efficiency of macro or micro level anti-tetrachiral lattices. Platau and densificiation 
behavior of lattices are observed in post-process section of the analyses.  

Due to a few experimental and numerical investigation on crushing of lattice geometries, the 
numerical model is constructed with material data that has been verified with crash tube 
collapse tests (Fig. 1) (Chanh Nghia et al. 2014). Three diferent designs are modelled with x1 
scale, x0.5 scale and x0.25 scale of unit lattice cells, respectively. “x1 scale” of lattice is 
represented in the Fig. 2. 

 

Fig. 1 - Aluminium 6063 T1 true stress-plastic strain diagram that is input for CAE 
programs (Chanh Nghia et al. 2014) 

 

 

Fig. 2 - Lattice geometry of scale x1 (=L) 

 
Numerical analyses are conducted using 0.5 and 0.25L lattices due to “L lattice”s having too 
low relative density. The applied impact load can cause easily deformation for selected small 
piece of volume. That is not intended for this study. The Table 1 summarizes the constructed 
models in ABAQUS/Explicit environment. There are small number of lattices in each 
direction for each design because that these lattice will be constructed with gaps in possible 
sandwich structures. In this manner, global buckling of blocks is not desired for efficient 
plastic collapse. To decrease the possibility of global buckling, smaller unit lattices are 
modeled to observe their force-time curves. 
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Table 1 - Design Consideration 

Design 

no: 

 Number of lattice in 

width  

Number of 

lattice in 

height 

Number of 

columns 

Mass of 

systems (g) 

1 0.5L 2 4 2 18.30 
2 0.5L 4 4 2 36.50 
3 0.25L 4 8 4 18.20 
4 0.25L 4 10 4 22.75 

 

  

Fig. 3 - Lattice structures with 0.5 L unit cell a) Design 1 b) Design 2  
 
 

 
Fig. 4 - Lattice structures with 0.25 L unit cells a) Design 3 b) Design 4 

 
Solid elements (C3D8R) are used to model anti-tetrachiral lattices in ABAQUS software. 
Rigid base and top plates are modelled to crush the lattices under dynamic impact loading. 
The contact interaction is created between plates and lattices along with self interaction of 
lattices. For 0.5L unit lattice systems, global buckling phase occurs after auxetic behavior. 
The Fig. 5 represents explained crushing with their timings. Until 0.017 seceonds, negative 
Poisson’s ratio is protected, later collapse including global buckling is continued. In the Fig. 
6, auxetic behavior with local plastic collapses are observed, however, after the 0.0018 
seconds global buckling starts with continuing local plastic collapses. 
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Fig. 5 - Last stand at 0.017 sec. as auxetic behaviour and global buckling and failure of lattice block at 0.030 sec. 

of 0.5L auxetic block (Design 1) 
 
 
 

 
Fig. 6 - Last stand at 0.0018 sec. as auxetic behaviour and global buckling and failure of lattice block at 0.0175 

sec. of 0.5L auxetic block (Design 2) 
 
Force-time behaviour comparison between auxetic lattice system having 8 lattices in height, 4 
lattices in width, 4 columns  with 0.25L unit lattice parameters and differently system having 
10 lattices in height is compared in the Fig. 6. Again, for both systems velocity-time plot is 
given in the Fig. 7.  Selected two designs with 0.25L and 0.5L lattices, respectively are 
compared in the Fig. 8. In same figure, global buckling time and auxetic threshold are showed 
to understand auxetic behavior. Local bucklings in the Design 3 and 4 that are constructed 
with 0.25L lattices are aimed results to have higher energy absorption. Force-time behaviour 
of different designs having different unit lattice dimensions give an idea about energy 
absorption capacities of them.  
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Fig. 7 - Reaction force and velocity curves of two type of 0.25L auxetic block at 700 mm/s velocity  

 
 

 
Fig. 8 - Force-time behaviour comparison of 0.25L (Design 3) and 0.5L (Design 1) including thresolds of auxetic 

behaviour and global bucklings 
 
 
3rd design is crushed with different impact velocities (700 mm/s, 1000 mm/s, 1300 mm/s) and 
velocity-time behaviour of these are shown in the Fig. 9. As expected, velocities goes to zero 
according the initial values. Under 1300 mm/s auxetic lattices shows the highest densification 
stress as in the Fig. 9. 

 

CONCLUSION 

Anti-tetrachiral auxetic lattices made of aluminum has been numerically investigated under 
dynamic loading condition. Dynamic loading is arranged according dimension of small lattice 
samples. Analysis samples are augmented by increasing number of lattices in two directions. 
In this aspect, global buckling has been observed in  the Design 1 having lower relative 
density comparing other ones. The force-time curves of designs are obtained to understand 
energy absorption levels. According these results, structures having higher relative density 
has exhibited higher reaction force and so higher energy absorption.  The design 3 has been 
selected as a unit stack when higher height is not effective on the decreasing of impact 
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velocity in such small dimensions. As a pre-investigation, this study shows plastic collapse 
response of anti-tetrachiral lattices in different orders and scales. After the designs are placed 
as a sandwich core by interspacing, laminated sandwiches are placed in a crash box to 
enhance energy absorption. 0.25L lattice designs have higher energy absoprtion capaility than 
0.5L ones due to their higher relative density. 

 

 
Fig. 9 - Velocity-time and force-time plots of different crash velocity scenarios of 0.25L w:4 h:8 

lattices (3rd design) 
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ABSTRACT 

The aim of this paper is to present the results of experimental investigations concerning  
a mechanical response of 2D regular cellular structures with different topologies in an aspect 
of crashworthiness behaviour. Developed by the authors, genuine topologies of 2D regular 
cellular structures were built with using Fused Deposition Modelling (FDM) additive 
manufacturing method and afterwards they were subjected to uniaxial compression tests.  
A wide range of structure topologies made from three commercially available polymeric 
materials - ABSplus, Nylon12 and PC-10 were examined during carried out investigations. 
One of the commercially available CAD systems was used to define proposed structure 
topologies. It was found that the energy absorption depends on the elasticity of a structure, 
where high strength geometries represent linear crashworthiness behaviour with bending and 
cracking while flexible ones present exponential increase of deformation force due to 
densification of the structure. 

Keywords: additive manufacturing, cellular structures, energy absorption, auxetic structure, 
fused deposition modelling 

 

INTRODUCTION 

A contemporary progress of new cutting-edge passive protective systems is associated with 
a development of a new multifunctional regular cellular structure materials (Ajdari, 2011; 
Nemat-Nasser, 2007; Li Yang, 2015). They indicate a high capacity of energy absorption with 
preserving a low relative density in comparison to solid materials (Ajdari, 2011; Nemat-
Nasser, 2007; Li Yang, 2015). Observed in the last decade the progress in the area of regular 
cellular materials is caused due to the implementation of additive manufacturing methods 
which enable fabricating regular structures with complex topologies (Yan, 2012; Haghpanah, 
2014; Wadley, 2006; Brenne, 2013). Based on research results presented in many scientific 
papers it was stated that geometrical features of topology strongly effects on crashworthiness 
behaviour of structures (Challis, 2014; Huang, 2008). Taking into consideration 
the possibility of application of various types of materials (metal powders, ceramic powders, 
polymers, resins) in structure manufacturing process as well as implemented topology it is 
available to programme the mechanical response of the regular cellular structure under static 
and dynamic loading boundary conditions (Mahshid, 2016; Tancogne-Dejean, 2016; Gao, 
2015). Due to mentioned reasons numerous research development projects are undertaken 
in order to optimize the structure topology in view of their crashworthiness behaviour. 
The optimization process is usually realized by analytical, numerical as well as experimental 
approaches (Tancogne-Dejean, 2016; Gao, 2015; Gibson, 2010). 
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An interdisciplinary scientific group from the Military University of Technology started 
a research project in 2016. The main goal of this project is directed to optimize the 
crashworthiness behaviour of regular cellular structures manufactured from Ti-6Al-4V alloy 
powder by LENS system (Polanski, 2013) in static and dynamic loading conditions. Due to 
a wide spectrum of the problem concerning an investigation of the regular cellular structure 
crashworthiness behaviour, the authors focused their attention on the experimental approach 
in this paper. It presents the preliminary results of studies involving the mechanical response 
of 2D regular cellular structures with different topologies subjected to uniaxial compression 
tests under quasi-static loading boundary conditions. Cellular topologies developed by the 
authors were fabricated with the use of a FDM additive technology. The main advantage 
of proposed additive manufacturing method is its user-friendliness and relatively low cost 
of production (Chang, 2013; Croccolo, 2013; Smith, 2013; Dawoud, 2016). Developed 
specimens of investigated cellular structures were fabricated with the use of following 
materials: ABSplus, Nylon12 and Policarbonate-10. They indicate different mechanical 
properties and allow conducting the comparative analyse of energy absorption capacity. 

 

DEFINITION OF CELLULAR STRUCTURE TOPOLOGIES  

One of commonly available CAD system - SolidWorks - was used to develop the different 
type of 2D regular cellular structures (Fig. 1). The main assumption undertaken during this 
task refers to structure dimensions. They were designed as approximately 80 x 80 x 20 mm 
cuboids with 1 mm wall thickness. The size of a structure specimens was determined by 
a number of cells and technological possibilities of the implemented additive manufacturing 
system. The estimated values of relative density for the developed structures was in the range 
0.20 < �� < 0.41. In order to extend the range of carried out studies, two groups of structures 
with positive Poisson’s ratio (Fig. 1 - No.1÷2, 4÷5) and negative Poisson’s ratio (Fig. 1 - 
No.3, 6). were examined.  

The honeycomb structure topology presented in Fig. 1 - No.1 is well-known in the literature 
and tested repeatedly because of its excellent mechanical properties (which are used as fillers 
in engineering constructions, for example: racing car body, in order to minimize weight) 
(Gibson, 2010; Restrepo, 2016; Gao, 2015). Based on geometrical features of honeycomb 
structure the other topologies were designed. 

The second variant (Fig. 1 - No.2) is a regular structure which indicates the lower relative 
density. Due to adopted geometrical features it enables easy controlling size of a cell. 
The topology No.3 was inspired by interrogating mark. The elementary cell consists of four 
marks connected together and forming a regular square. Additional rounds are used to make 
the sharp angles more smooth. Moreover, they also effect on deformation process and enable 
the increase of the structure crashworthiness behaviour. The further samples of structure 
topologies No.4 to No.6 were elaborated based on elementary cell which consists of rounds 
connected together. Owing to proposed geometrical assumption the directional deformation 
of elementary cell should be transformed into twisting process. Additional spring elements 
added in topology No.5 and No.6  made it more flexible. No.6 is a modification of structure 
No.5. It is rotated by an angle of 45° which gives it the auxetic properties. The idea of using 
this kind of geometry was inspired by mesostructures developed by Andreas Bastian, who is 
one of the well-known engineers associated with the area of  additive manufacturing.  

The original structure topologies designed by the authors have different mass-inertia 
properties. The value of a relative density was determined for all of the studied topologies (1): 
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�	 
 �
� ,  �� 
	 ����, (1) 

where:	�	 - density of the structure, m - model mass, V - model volume (approximately 80 
mm x 80 mm x 20 mm), �� - relative density of the cellular structure, �� - material density 
(ABS, PA, PC).  

 

 
Fig. 1 - The view of developed regular cellular structures with different topologies: No.1÷2, 4÷5 

with positive Poisson’s ratio, No.3,6 with negative Poisson’s ratio. 

 
The FDM method was used to manufacture the elaborated structure topologies. The method 
was introduced to the public market in the vicinity of early 1990s (Chang, 2013; Labonnote, 
2016; Vairis, 2016). It allows producing three-dimensional objects by extrusion of the 
thermoplastic filament from the nozzle onto the base table at a controlled rate. This 
technology enables building designed 3D models layer by layer from the bottom to the top 
(bottom up) until the part is finished. The manufacturing process is started from the definition 
of appropriate technological parameters such as: layer thickness, type of model and support 
materials infilling as well as model orientation on the base table. Afterwards, the 3D model is 
sliced in order to determine the code necessary to perform the manufacturing process. Both 
model and support materials are used in the technological process. The main role of additional 
support material is filling all kinds of holes, cut-outs and scaffolds which exist in 
the manufactured model. The support model is mechanically removed or it is dissolved from 
the model at the final stage of manufacturing process. 

The Dimension 1200es SST and Fortus 900mc (Stratasys Corp.) 3D printers were applied 
to manufacture specimens with different cellular structure topologies. Application of both 
devices with different technological specifications enables extending the range of conducted 
experimental investigations. The Dimension 1200es SST 3D printer allows fabricating objects 
with preserving the single layer thickness equal 0.254 mm or 0.33 mm. Comparing 
to commonly available low-cost 3D printers it operates in the closed workspace with an 
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additional heating system which ensures the invariable working conditions. In turn, the Fortus 
900mc 3D printer is a professional industrial additive manufacturing system which allows 
using a wider variety of  materials in comparison to the Dimension SST 1200es 3D printer. It 
was decided to apply a three commercially distributed by Stratasys Corp. materials such as: 
ABSplus, Nylon12 and PC-10 to manufacture specimens of studied regular cellular structures. 
Proposed materials have different mechanical properties and they are dedicated to various 
range of applications (Smith, 2013; Dawoud, 2016, stratasys.com). The material specification 
provided by producer was presented in Tab. 1.   

 

Table 1  - The comparison of physical-mechanical properties of filaments used to manufacture 
cellular structures provided by Stratasys, Inc. (stratasys.com) 

Material 
Density 
[g/mm2] 

Tensile 
Strength 

Young’s 
Modulus 

Tensile 
Elongation  

ABSplus (ABS) 1.04 31 2200 MPa 6% 

Nylon 12 (PA) 1.00 46 1282 MPa 30% 

PC-10 (PC) 1.20 57 1944 MPa 4.8 

 

The crashworthiness behaviour studies of developed structure topologies of were preceded by 
uniaxial tensile tests. The main purpose of carried out studies was verification of facilitated 
material specifications. Five dog-bone tensile samples were fabricated and tested for each 
material. The dimensions of samples used during tests are presented in Fig.2a. Moreover, 
adopted direction of the manufacturing process (on 0XY plane) enables to make 
an assumption that samples do not indicate the orthotropic mechanical properties. 

 

 
Fig. 2 - Manufacturing orientation (0XY - plane base table, 0Z - direction of slicing) and 

dimensions of specimens: (a) flat tensile specimen and its reference dimensions; (b) structure 
example (Honeycomb) and its dimensions 
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Both tensile testing of dog-bone samples and compression strength tests of fabricated cellular 
structure samples were performed on a testing machine MTS Criterion C45. The entire 
process was monitored and recorded using the TW-Elite software. The tensile tests were 
conducted with deformation velocity of 0.1 mm/s, whereas the structures are compressed with 
traverse velocity of 1 mm/s and in a perpendicular direction to the direction specimens 
building. The process of deformation was stopped after the rapid growth of the stress curve, 
which indicates densification of the structure. 

 

RESULTS AND DISCUSSION 

The uniaxial tensile tests were conducted in order to determine the mechanical properties 
of applied filaments in the manufacturing process of cellular structure specimens. Based on 
obtained results it was possible to define the material strength under applied loading boundary 
conditions. These tests were performed to estimate the mechanical properties of FDM 
filaments, for which there is no information about defined layer thickness during 
the manufacture process. Moreover, the producer of filaments claims that the information 
included in the specification sheet are typical values intended for reference and comparison 
purpose only (startasys.com).  

The average stress versus strain plots obtained during carried out tensile tests are presented in 
Fig. 3 and Tab. 2.  

 
Fig. 3 - Tensile stress-strain curves for additive manufactured samples made of ABS(1), PA(2) and 

PC(3) (a); view of the fractured tensile test specimens (b) 

 
Table 2 - The comparison of the additive manufactured test samples tensile properties 

Material Tensile Strength 
Tensile 

Elongation 

ABSplus (ABS) 22 8% 

Nylon 12 (PA) 37 12.5% 

PC-10 (PC) 47 6.7% 
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The relative densities of structure specimens fabricated from different materials are shown in 
Tab. 3. Obtained values were determined based on measured structure dimensions and 
defined densities. Comparing this data with estimated values on the basis of CAD model 
(Fig. 2) some disagreements between relative density values were noticed. It could be 
explained by the particular features of the technological process. Although the parameters of 
the process are controllable, the printing accuracy depends on how fast the output nozzle can 
change its directions and how precise the curves can be obtained, which results in wall 
thickness. Moreover, the density of base material provided to the 3D printer and the fabricated 
object could be different due to the preciseness of the layer connection. 

 

Table 3 - Comparison of estimated relative density values obtained through different 
materials and structure topologies 

Material ABSplus Nylon 12 PC 10 

Structure No.1 0.30 0.32 0.31 

Structure No.2 0.19 0.20 0.19 

Structure No.3 0.36 0.38 0.36 

Structure No.4 0.30 0.31 0.30 

Structure No.5 0.37 0.38 0.37 

Structure No.6 0.36 0.38 0.36 

 

In Figs. 4 ÷ 9 the results of uniaxial compression test obtained for developed regular cellular 
structures are collected. It can be seen that polycarbonate structures (PC 10) indicates 
the highest strength properties than nylon and ABS. It corresponds to the results of tensile 
strength test (Tab. 1, Fig. 2). 

 

Fig. 4 - Uniaxial force-relative displacement curves for structure No.1; successive stages of 
structure deformation made of (a) ABS, (b) PC 
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Fig. 5 - Uniaxial force-relative displacement curves for structure No.2; successive stages of 

structure deformation made of (a) ABS, (b) PC 

 
 

The results shown in Fig. 4 and 5 represent cellular topologies with high stiffness. As it can 
be seen, structure under quasi-static loading tends to behave initially like solid material 
followed by the elastic deformation up to stress peak. The slope angle of the linear fragment 
of the curves depends mainly on the stiffness of the structure. After overcoming the yield 
strength of the structure the plateau region is reached in which the stress fluctuates. This 
phenomenon is caused by cracking of the structure at the exceeding point of the tensile 
strength of the material. Afterwards the force decreases until the whole array of the cells is 
collapsed and densification of the structure occurs. That process repeats subsequently for 
remaining cells array until the total densification occurs. 

 

 

 

Fig. 6 - Uniaxial force-relative displacement curves for structure No.3; successive stages of 
structure deformation made of (a) ABS, (b) PC 
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Fig. 7 - Uniaxial force-relative displacement curves for structure No.4; successive stages of 

structure deformation made of (a) ABS, (b) PC 

 
Fig. 8 - Uniaxial force-relative displacement curves for structure No.5; successive stages of 

structure deformation made of (a) ABS, (b) PC 

 
Fig. 9 - Uniaxial force-relative displacement curves for structure No.6; successive stages of 

structure deformation made of (a) ABS, (b) PC 
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The results for structures with flexible geometry are shown in Figs. 6 to 9. The first plateau 
occurs due to the elastic feature of the structure. Subsequently, when the stress caused by 
the compression force exceeds the elasticity limit of the structure, growth of the stress occurs 
and the second plateau is reached. Afterwards the process is similar to deformation of high 
stiffness structures. In turn, Figs. 8 and 9 present the specific elastic deformation of auxetic 
structures. It can be found that the curves for auxetic structure (Fig. 9) are smooth, 
i.e. the cracking do not occur. The reason for this phenomenon is that the auxetic structure 
deforms mostly in the elastic range. Plastic deformation of the structure material dominate at 
the final stage of compression, when the structure densification occurs. Taking into 
consideration the exponential character of plots obtained for the auxetic structure it could be 
stated that these type of structures maintain better crashworthiness behaviour under cycling 
loading conditions within the elastic range of deformation.  

It is noticeable that critical stresses of the honeycomb structure (Fig. 4) compared to the other 
geometries are different. Honeycomb structure reaches its fractured stress value at 6 kN (ABS 
material), whereas the remaining structures resist to about 1.5 kN. It is caused by the fact that 
the honeycomb has high regularity with 120° angles and constant wall length so it deforms at 
the entire range and does not have a preferred direction of fracture. 

From the mechanical material property point of view, ABS and PC are brittle in comparison 
to PA. It can be seen that the peak force changes for the ABS and PC topologies are sharp, 
while curves profiles for PA structures are smooth, i.e. the cohesion of the material is 
maintained. However, it was stated that the material cohesion was also retained for PC. In this 
case the strength of the PC material exceeds structure strength capacity, which leads to its 
folding.  

Based on performed uniaxial compression tests on the regular cellular structure the plots 
of energy absorption capacity were obtained. Energy curves were calculated 

� 
���
�

���
�� (2) 

where:	�(�) - compression force, x - compression 

As discussed above, cellular structures were separated into two groups: high stiffness and 
flexible. The energy absorption efficiency results for the first group is shown in Fig. 10a, b, 
whereas the other in Fig. 10c ÷ f. The value of the absorbed energy rises up linearly with 
constant increment. The flexible group of material are represented by the parabolic curve for 
energy absorption. The process of energy absorption could be divided into two stages:  
non-linear at the beginning, and linear afterwards.  

High strength structures compared to flexible group deform through cracks and plastic bends 
of the structure walls, what causes damage of the structure geometry making it unusable. 
In this case deformation energy of structure is dissipated by plastic deformation and fractures 
of structure walls. It can be concluded that, their ability to deform in the plastic range has 
a prevailing significance in energy dissipation. In turn, flexible structures do not dissipate 
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energy at the initial stage of deformation (approximately up to 0.1 relative displacement). 
The energy dissipation takes place when the elastic limit of the structure is exceeded and 
the elastic - plastic deformation occurs.  

 
Fig. 10 - Energy absorption curves of different cellular structures and materials at 40% of deformation 

 
 

Table 4 - Relative absorption energy for tested structures 

Material ABSplus Nylon 12 PC 10 

Structure No.1 473 678 923 

Structure No.2 166 120 174 

Structure No.3 189 382 433 

Structure No.4 93 113 147 

Structure No.5 62 97 92 

Structure No.6 106 103 189 
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In order to perform comparative analysis of tested structures crashworthiness behaviour 
the absorption energy related to relative density was collected in Tab. 3. Considering 
the material issue, it is worth notice the best-behaved material is polycarbonate, which 
represent the highest strength. In turn, the geometry analysis shows that the topologies with 
high cells concentration and structure regularity show better energy dissipation ability. 
The best energy absorption properties are demonstrated by Honeycomb structure. 

The capacity of energy absorption can also be evaluated from another perspective. For 
cellular materials which could be potentially used as the packaging materials (damper and 
body armour) the peak force during the dynamic crushing should not exceed the maximum 
stress of the protected item (Wangyu, 2016). From this point of view, our flexible structures 
seem to be suitable. 

 

CONCLUSIONS 

Presented in this paper experimental approach enables to estimate the crashworthiness 
behaviour of developed 2D regular cellular structures. Proposed additive manufacturing 
technique facilitated the process of their production. Moreover, it allowed fabricating 
structure specimens with different polymer materials. Owing to the conducted uniaxial 
compression tests the results of the structure deformation process investigation were 
determined. Based on them, it was possible to analyse the influence of structure topology and 
mechanical properties of the material on energy dissipation efficiency. 

The authors found that mechanical response of regular 2D structures is mainly associated with 
two parameters: the strength of material applied in the manufacturing process and adopted 
geometrical features of the elementary cell, which define the structure properties. Based on 
obtained results it was found that samples with higher stiffness indicate more efficient energy 
absorption properties. Bending and cracking mechanisms that occurred during deformation 
process are the main justification of this phenomena. In turn, structures with flexible topology 
indicate different deformation mechanism. 

The initial stage of deformation is mainly elastic and it does not result in energy absorption. 
This process last until the structure condenses and the bending/cracking mechanisms is 
observed. This phenomenon (these phenomena) is generally observed for auxetic structures. 
The plot of loading force versus displacement increases exponentially in these cases.  

Taking into consideration the crashworthiness results of developed structure topologies 
the structure topology and its relative density are noticeable to be optimised. Geometrical 
features of the single cell should guarantee the high value of loading force necessary to 
exceed the structure stiffness while the mass should be minimised. 

For further investigation, the authors plan to extend the material issue of metallic Ti6Al4V 
alloy manufactured by LENS technology and add experimental studies concerning 
deformation of the structures in dynamic loading condition using Split Hopkinson Pressure 
Bar technique. 
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ABSTRACT 

The purpose of the paper is to present a research methodology used in order to predict the 
mechanical response of additive manufactured regular cellular structures subjected to 
quasistatic loading conditions. The authors’ attention was focused on a numerical approach. 
The proposed method of investigation allows estimating crashworthiness behaviour of regular 
cellular structures under loading boundary conditions of uniaxial compression. The applied 
methodology is based on finite element analyses using an implicit solution. During the 
numerical analyses, selected topologies of 2D cellular structures were investigated. The 
validation based on correlation between numerical and experimental results was performed at 
the final stage.  

Keywords: regular cellular structures, finite element method, additive manufacturing, 
crashworthiness,  

 

INTRODUCTION 

Contemporary development in leading-edge industry branches causes a growing demand for 
new multifunctional materials [1,2,3,4]. Scientists and engineers, inspired by nature, pay their 
attention to cellular structure materials which demonstrate specific mechanical properties with 
respect to low density [5,6,7,8]. Over the last two decades, a great number of studies have 
been undertaken in order to improve methods of their manufacturing [9,10,11]. Owing to 
additional studies on cellular materials [12], their mechanical properties and potential fields of 
application have been determined [13,14, 15, 16, 17,18,19]. Based on the conducted literature 
review, it could be stated that one of the significant group of cellular materials are regular 2D 
[6, 7, 8, 20] and 3D structures [13, 21, 22]. The recently observed increase of interest in this 
group of material is caused by new available methods their production based on additive 
manufacturing [23, 24, 25]. Application of various metal or ceramic powders [9, 11, 21, 22, 
27] as well as different types of polymers [6] and resins [10] allows for determination of a 
desirable combination of material properties not possible to achieve in comparison to solid 
materials. An additional advantage of additive manufacturing is the design freedom it enables 
[24, 25]. The currently available methods allow building regular cellular structures with a 
complex topology tailored to specific applications. In recent years, this group of materials has 
begun to be used in many demanding branches of industry such as: automotive, aviation, 
railway, chemical and civil engineering as well as bioengineering [18, 24, 25, 28, 29, 30]. 
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Moreover, regular cellular structure materials could be potentially implemented in military 
applications, especially in development of passive protective systems [31, 32].  

An interdisciplinary scientific group from Military University of Technology started  
a research project in 2016. The main goal of this project is directed to optimize the 
crashworthiness behaviour of regular cellular structures manufactured from Ti-6Al-4V alloy 
powder by LENS (Laser Engineering Net Shaping) system in static and dynamic loading 
conditions. This paper presents the results of preliminary investigations performed in order to 
verify the correctness of the proposed numerical approach. During this stage of investigation, 
the concurrent engineering methodology was used. 

 

RESEARCH METHODOLOGY 

Estimation of the relationship between a cellular topology and crashworthiness behaviour of 
the cellular structure is potentially possible owing to analytical [8, 20], numerical [10, 11, 12, 
34, 27] and experimental [6, 9, 21, 22, 29, 33] approaches. According to the results presented 
in a considerable number of papers, the analytical methodology could be implemented in 
cases where the topology of a cell is simple (e.g. circular, rectangular, triangle, hexagon) [9, 
11, 12, 13]. Based on the experimental approach [9, 11, 14, 15, 21, 22, 33], it is possible to 
obtain accurate results, however, this method of investigation is time and cost consuming, 
especially when metal or ceramic powder is used in a manufacturing process of cellular 
structure samples. Considering both advantages and drawbacks of the numerical approach, it 
could be stated that this method is versatile and gives the possibility to perform studies for a 
complex cellular topology [6, 12, 20, 27, 34]. Moreover, it allows performing computer 
analyses, under both static and dynamic loading conditions. Nevertheless, it is crucial to 
verify the correctness of the proposed numerical model, accuracy of the applied constitutive 
model as well as the implemented contact model.  

Taking into consideration the above mentioned reasons, the authors of the paper proposed 
numerical and experimental approaches in order to determine the crashworthiness of 2D 
regular cellular structures. The main idea of the applied methodology is presented in Fig.1.  

 
Fig. 1 - The scheme of the main stages of conducted investigations  
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The first stage of the carried out investigation was associated with a designing process in one 
of the commercial CAD systems. The main assumption undertaken during this task refers to 
structure dimensions. They were designed as 80x80x20 mm cuboids with  
1 mm wall thickness. The size of a structure sample was determined by a number of cells and 
technological possibilities of the implemented additive manufacturing system. Fig.2 presents 
a view of initially developed structure topologies. In order to extend the range of the carried 
out studies, two groups of samples, taking into account auxetics, were examined. The 
estimated values of relative density for the developed structures was in the range of 
0.3<ρr<0.4. 

 

 
Fig. 2 - Samples of structure topologies applied during investigations 

 

EXPERIMENTAL STUDIES OF STRUCTURE DEFORMATION PROCESS 

Preliminary investigations conducted in order to predict a cellular structure deformation 
process were carried out with the experimental approach. For this reason, samples with 
different topologies were prepared using one of the commonly available additive 
manufacturing FDM (Fused Depisition Modeling) technique [24, 25]. The material used 
during this process was ABSplus (Acrylonitrile Butadiene Styrene) [35, 36]. This method has 
many advantages. First of all it is time and cost effective and enables applying a wide variety 
of commercially available materials. Moreover, the FDM technique allows obtaining a high 
accuracy of manufactured objects. Fig.3 presents the specimens of cellular structures 
manufactured by the FDM method. They were used for uniaxial compression tests performed 
to predict the mechanical response of cellular structures under quasi-static loading conditions. 

The additional quality inspection of the manufactured structures was preceded the 
experimental investigations. The industrial computer microtomography Metrology XT H 255 
device was used to acquire digital images of structures including their interior. Based on these 
data, it was possible to verify a presence of structural imperfections which could initiate  
a cracking process. Owing to the results of image inspection, the presence of some material 
imperfection was stated. Considering their shape, size, as well as location, it was found that 
they do not affect an initiation of cracking process. The subsequent stage of the conducted 
inspection was to control the structures geometric accuracy. Based on the results of the 
images reconstruction process, STL format file containing the three-dimensional surface’ 
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model of cellular structures were obtained. They were used to analyse the accuracy tolerance 
of the applied additive manufacturing technique (Fig.4). The average dimensional tolerance 
determined based on the comparison of the reconstructed and CAD models was in the range 
of ± 0.1 mm. The obtained results of geometrical accuracy inspection enabled the authors to 
assume that the CAD models of cellular structures without any dimensional changes can be 
used in further numerical investigations.  

 

 
Fig. 3 - Specimens of the cellular structures manufactured by FDM method 

 

 
Fig. 4 - The scheme of dimensional accuracy inspection procedure:  

a)- sequence of images acquired by computer microtomography, b) - model obtained after images reconstruction 
process (upper) and CAD model (lower), c) - comparison between native and reconstructed models  

 

The experimental investigations of the cellular structures deformation process were performed 
under the uniaxial quasi-static loading boundary conditions at the velocity of  
1 mm/s. The main goal of this approach was to obtain data necessary to validate the 
correctness of numerical models described in this paper. Two of the proposed structure 
topologies were used to conduct the compression tests with application of  MTS Criterion 
C45 strength machine. Due to the geometrical features of structures, the authors proposed 
analysis of the specimens deformation process in the orientation presented in Figs. 5÷6. 
Moreover, these figures contain the plots of the registered loading force versus the 
displacement of crosshead. The results of the tests presented in Fig.5 demonstrate the 
deformation process of a honeycomb structure topology. In this case, the cracking mechanism 
is the main issue responsible for the progressive destruction of the structure. Moreover, it 
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affects the loading force history presented on the chart. The next diagram (Fig.6) presents the 
process of deformation registered for an auxetic structure. In this case, it is possible to 
observe densification of the structure during its compression. The cracking mechanism 
arrived just at the final stage of the compression. Based on the plot of the loading force, 
specific features of the auxetic structure were proved. 

 

Fig. 5 - The loading force plot registered for a honeycomb topology structure and selected images 
illustrated its compression process  

 

 

Fig. 6 - The loading force plot registered for an auxetic topology structure and selected images 
illustrated its compression process  
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NUMERICAL STUDIES OF STRUCTURE DEFORMATION PROCESS 

Finite element analyses with an implicit integration scheme implemented in LS-Dyna code 
[37] were used at this stage of investigations. Based on the developed topologies of cellular 
structures, proper numerical models were elaborated. Owing to these models, it was possible 
to predict the crashworthiness behaviour of the analysed structures subjected to quasi-static 
load. Numerical simulations were conducted under assumptions which reflected uniaxial 
compression test conditions. Fig.7 presents an exemplary numerical model developed to 
perform numerical  simulations of such a process.  

 

 
Fig. 7 - Initial boundary conditions defined during computer simulations 

The implemented model consists of three parts: a cellular structure described by 8-node 
deformable solid elements and two rigid planes described by 4-node shell elements. The 
upper plane has one degree of freedom, a possibility of motion in 0X direction, the other one 
is defined as a fixed one. The applied displacement of the upper plane at a velocity of 1 mm/s 
enables prescribing the load boundary conditions. Mutual interaction between the structure 
and planes is determined by proper contact definitions. The first one  
AUTOMATIC_SURFACE_TO_SURFACE_MORTAR is established to define the relations 
between structure and planes, the other one AUTOMATIC_SINGLE_SURFACE_MORTAR 
allows prescribing the self-interaction between the structure cells [37]. 

The further stage of model pre-processing was associated with a description of material 
properties. A plastic-kinematic material model was used to define the mechanical properties 
of the cellular structure material. Non-deformable properties of planes were determined using 
a rigid material model. 

Based on the literature review, the authors found a few different characteristics describing 
mechanical properties of ABSplus material [35, 36], which indicates that proper material 
parameters identification is fundamental to obtain accurate numerical results. For this 
purpose, additional studies on material parameters identification were undertaken. They were 
realized both experimentally and numerically through uniaxial tensile tests at a velocity of  
1 mm/s. The experimental tests were carried out with the use of standard tensile test 
specimens manufactured with FDM technique. Application of different orientations of the 
specimen model during the manufacturing process enabled the authors to verify orthotropic 
mechanical properties of the material. Taking into consideration the fact that the analysed 
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structures are two-dimensional, it was possible to make an assumption that there is no need to 
define the orthotropic material properties. The subsequent stage of material parameters 
identification was realized numerically. The computer simulations were carried out in  
LS-Dyna code with the same initial-boundary conditions. The plastic-kinematic material 
definition was used to define the material properties. The process of material parameters 
identification depended on modification of material properties such as: Young’s modulus, 
Poisson ratio, yield stress, tangent modulus in order to adjust the convergence of force versus 
displacement plots (Fig.8). Based on the conducted attempts, the parameters of material 
properties were determined. They are presented in Tab.1.  

 

Table 1 - The plastic-kinematic parameters determined for ABSplus material 

Mass 

density 

[m/kg3] 

Young’s 

modulus 

[Pa]  

Poisson’s 

ratio 

Yield 

stress 

[Pa] 

Tangent 

modulus 

[Pa] 

Hardening 

parameter 

Strain rate 

parameter 

971 2.1·109 0.35 30·106 22·106 0 0 

 

 

 

 
Fig. 8 - The results of mechanical properties identification of ABS material  

 

RESULTS OF NUMERICAL INVESTIGATIONS 

Based on the applied numerical model and the adopted initial boundary conditions, the 
computer simulations of regular cellular structure deformation were performed. The 
exemplary topologies presented in Fig.2 were investigated. The first referential topology was 
a classic honeycomb. The results achieved for this case were presented in Figs.9÷10. The 
differences between experimental and numerical results (Fig.9) are caused by the adopted 
material definition without consideration of the failure criteria for the material model as well 
as eroding of elements. However, the results related to energy absorption, presented in Fig. 
10, indicate a good agreement between numerical and experimental approaches. 
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Fig. 9 - The compression curves obtained for a honeycomb topology    

 

 

 

Fig. 10 - The energy absorption curves obtained for a honeycomb topology structure    
 
Another numerical analyse was performed to verify the correctness of the auxetic structure 
topology. The proposed topology of the cell consists of the spring linking elements which are 
twisted under compression. It results in the fact that the cracking mechanism appears in the 
final stage of the deformation process. High ability to structure densification enables 
obtaining a high value of absorption energy in the final stage. These results are presented in 
Figs.11÷12. Based on that, it was found out that the process of structure deformation could be 
divided into two stages: the first one is associated with elastic deformation whereas the other 
with plastic deformation. The presented results of numerical studies indicate a good 
convergence with the experimental data. Due to this reason, the numerical model was 
validated positively and is possible to be used in further investigations.  
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Fig. 11 - The compression curves obtained for an auxetic topology structure  

 

 

 

Fig. 12 - The energy absorption curves obtained for an auxetic topology structure    

 

The other cellular topology based on honeycomb structure was the next subject of numerical 
investigation (Fig.2, variant - 2). The authors proposed some geometrical modifications in 
order to minimize the effects of a cracking mechanism during the deformation process. The 
results of the conducted computer simulation are presented in Figs.13÷14. Curves illustrating 
the loading force history are convergent. However, the deformation process realized in 0X 
direction is more smooth in comparison to the honeycomb structure. Regardless of the loading 
force direction, this topology indicates similar mechanical properties.    
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Fig. 13 - The compression curves obtained for variant 2 topology  

 
 

 
Fig. 14 - The absorption energy curves obtained for variant 2 topology 

 
The third topology subjected to numerical investigations was developed on the basis of the 
above presented auxetic structure. The adopted geometrical modifications caused 
considerable changes in the deformation process of the structure. The perpendicular direction 
of the loading force action on spring elements of the cells initiates a buckling and cracking 
mechanisms. Based on Figs.15÷16, it was observed that modification of the cells orientation, 
when the same relative density was considered, caused an appreciable decrease of structure 
ability to energy absorption. Moreover, lower ability to densification during the deformation 
process is the main reason leading to decline in crashworthiness capabilities of the structure. 
Due to a tendency of the structure to buckling and cracking, additional experimental tests 
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under uniaxial compression conditions were performed. The recorded data were compared 
with the results of numerical investigations. Deprivation of failure criteria for the adopted 
material model results in discrepancies in the initial stage of plastic structure deformation. 

 

 
Fig. 15 - The compression curves obtained for variant 3 topology 

 
Fig. 16 - The energy absorption curves obtained for variant 3 topology 

 
The next topology used in numerical investigations was an auxetic structure (Fig.2 variant - 4) 
developed on the basis of a classic honeycomb. Modification introduced in the structure 
topology resulted in an increase in the relative density. The results of computer simulations 
obtained in this case study are presented in Figs.17÷18. Additionally, they were compared 
with the classic honeycomb data in order to evaluate efficiency of the proposed modifications. 
It was noticed that the main discrepancy between both topologies is caused by a buckling 
effect. Before buckling point. (marker No.3)  both curves (the red and black dotted) are in a 
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good convergence, afterwards the longitudinal stability is disturbed and the decline in a force 
value was observed. The further increase in a loading force value is caused by the 
densification process (marker No.4). The other 0Z direction of the loading force action 
indicates a high tendency to buckling. This sensitivity of the structure topology leads to an 
appreciable oscillation of the loading force value. 

 
Fig. 17 - The compression curves obtained for variant 4 topology 

 

 
Fig. 18 - The energy absorption curves obtained for variant 4 topology 

The last topology presented in this paper was adopted on the auxetic structure (Figs. 11÷12). 
The modifications applied in cell geometry were associated with an increase in the stiffness 
behaviour (Fig.2 - variant 6). The number of spring links were limited to fulfil this 
assumption. Based on the obtained numerical results, it was possible to notice that the 
structure indicates a higher value of energy absorption in comparison to the preliminary 
developed auxetic structure. The results of computer simulations are presented in Figs.19÷20. 
The character of structure deformation is similar to the original solution. The proposed 
topology redesign  allowed increasing the structure crashworthiness.  
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Fig. 19 - The compression curves obtained for variant 6 topology 

 

 
Fig. 20 - The energy absorption curves obtained for variant 6 topology 

 

CONCLUSIONS 

Numerical investigations of the regular cellular structure deformation process allowed the 
authors to predict the mechanical response of the material structure during compression tests 
under quasi-static loading. Various types of structure topologies, including auxetics, were 
used in these studies. The honeycomb topology was a starting structure and the additional 
topologies were proposed based on it. The assumption undertaken during design studies 
allowed easy and fast manufacturing the specimens of structures. The applied additive 
manufacturing technique facilitated the process of their production. The structure specimens 
were used to carry out additional experimental tests. The obtained data allowed performing 
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validation of the proposed numerical approach. High convergence between the results 
indicates the correctness of the adopted numerical model, applied material and contact 
definitions. However, it is possible to increase the accuracy of the numerical approach based 
on implementation of a more sophisticated elements formulation (e.g. meshless models) as 
well as additional failure material criteria.     

According to the obtained results, it was noticed that the honeycomb topology indicates high 
crashworthiness properties. Nevertheless, based on topology modification it is possible to 
minimize the detrimental effects of a cracking mechanism which decreases the 
crashworthiness capacity. The authors suggest implementation of additional corner fillets in 
order to reduce the stress concentration during deformation process.  

Taking into consideration the mechanical response of auxetic structures under compression 
boundary conditions their susceptibility to densification was observed. This phenomena 
causes an exponential increase in the loading force. The destructive effects of the cracking 
mechanism appeared at the final stage of the deformation process.  

Both a numerical approach and the obtained results presented in the paper have an 
preliminary character. The further investigations concerning the crashworthiness behaviours 
of regular cellular structures will be extended. The advanced additive manufacturing LENS 
technique will be used in order to build the structure samples. The experimental studies will 
be realized with consideration to the strain rate effects under dynamic loading conditions. The 
other elements formulations or meshless methods and additional failure criteria will be tested 
in a further numerical approach. The numerical simulations will be carried out in order to 
determine the strain rate effect on the structural response. Application of additional 
optimisation procedures will enable improving the geometrical features of the proposed 
topologies. 
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ABSTRACT 

The use of hard turning materials has been increasing over the last few years. Due to the 
development of special geometries and tool material with high hardness and wear resistance at 
high temperatures, added to the development of machine tools with greater rigidity and 
dimensional precision in high rotations, it has been possible to machining these materials by the 
turning process. Conventional studies of tool life and roughness of machined surfaces by the 
turning process takes into account the influence of several input factors such as cutting speed, 
cutting feed and machining depth in isolation, which requires a large number of tests. To 
consider the simultaneous variation of many input factors to construct predictive models for 
responses of interest we can use the Design of Experiments (DOE). In this way, this study 
deals specifically with the workpiece surface roughness (Ra) and tool life (T) in the turning 
process of hardened AISI H13 (54 HRC) steel by the ceramic tool CC650. We obtained the 
mathematical models by the Response Surface Methodology (RSM) using as variables of process 
cutting speed, cutting feed and machining depth. According to experiments, we observed cutting 
feed (f) is the main effect of roughness (Ra), while cutting speed (Vc) is the factor with major 
influence on the tool life (T).   

Keywords: hard turning, cutting tools, AISI H13 steel, response surface methodology. 

 

INTRODUCTION 

According to Mohamed et al. (2012) and Lahiff et al. (2007), machining of hardened 
materials is the machining of materials which hardness is higher than 45 HRC. This process is 
widely used in the manufacturing of bearings, gear shafts, special cutting tools, dies, molds, 
among others, to improve the wear resistance of these components (FARIAS, 2009). 
Traditionally, grinding process is used in turning, however, due to the development of ultra-
hard materials for machining tools, such as ceramics, and machine tools with high stiffness 
and dynamic stability, the finishing operations on hardened materials by turning process have 
become feasible (LAHIFF et al., 2007). 

In addition to enable the machining of complex geometries, turning also presents other 
advantages when compared to the grinding process, such as high material removal rate, 
greater flexibility, less damage to the subsurface layer due to the smaller contact area and 
contact time of the tool with the workpiece. In addition, another advantage is the greater 
agility in the process, since a larger portion of the workpiece geometry can be machined in a 
single machine preparation (STEPHENSON; AGAPIOU, 2006). 

As said in Pampuch et al. (1995), materials used in manufacturing of chip-cutting tools 
applied to the machining of hardened materials should combine high efficiency with 
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increasing chip removal rate. In order to perform a chip-cutting operation it is essential that 
cutting tools resist the working conditions imposed during the machining process. Constituent 
material of the tool must possess some characteristics to respond effectively to the cutting 
process, such as hot hardness, toughness, wear resistance and chemical stability. Generally, 
cutting tool hardening improves the resistance to wear, nevertheless causes a tenacity drop 
(KOMANDURY, 1994). 

Ceramics are one of the classes of material for cutting tools, which have high potential for 
finishing operations with high chip removal rates, since they are low cost and exempt from 
the addition of strategic materials (BARTARYA et al., 2011). 

There are several factors able to influence the tool life and roughness of machined surfaces by 
turning process, such as cutting speed, cutting feed, machining depth and cutting tool 
geometry. In conventional studies, these factors are usually considered in isolation, which 
requires large number of tests, high consumption of material and tools, and many machine 
hours, that makes the experimentation costs prohibitive (BOUACHA et al., 2010). 

In this context, there is the Design of Experiments (DOE), methodology that allows 
establishing an adequate functional relationship between the tool life or the workpiece 
roughness of cutting parameters, considering the simultaneous variation of input factors to 
construct predictive models for responses of interest (CAMPOS, 2015). This statistical 
approach consists of planning experiments able to generate fitting data for an effective 
analysis, resulting in valid and objective conclusions (MONTGOMERY, 2005). 

In this sense, to investigate the behavior of tool life (T) and surface roughness (Ra) of the CC 
650 ceramic, we will conduct hard turning essays on AISI H13 steel, by applying the 
Response Surface Methodology (RSM) 

 

LITERATURE REVIEW 

Machining parameters 

Machining parameters for turning hardened materials are often used on finishing operations, 
in which are employed low values of machining depth (ap), compatible cutting feed (f) values 
with the desired finishing pattern and cutting speed (Vc) levels lower than those used in non-
hardened materials. 

Several researchers have been carrying out investigations about the effect of cutting 
parameters, cutting speed, cutting feed and machining depth on the workpiece roughness, 
residual stresses, tool wear and its hard turning combinations, as shown in Table 1. 

Table 1 - Material, hardness and machining parameters in hard metals turning processes with ceramic tools. 

Author 
 Material/ 

Hardness/Tool 
Cutting parameter 

Lalwani et al. 2008 MDN 250 /50/ceramics 
Vc= (55, 74, 93 m/min); 
f= (0.04, 0.08, 0.12 mm/rev); 
ap= (0.1, 0.15, 0.2 mm). 

 
Gaitonde et al. 2009 

 
AISI D2/61/ceramics 

Vc= (80, 115, 150 m/min); 
f= (0.05, 0.10, 0.15 mm/rev); 

Yen et al. 2004 AISI 1020/54 ceramics 
Vc= (300 m/min); 
f=(0.145 mm/rev); 

Bajic et al. 2012 42CrMo4/60/ ceramics 
Vc= (120, 140 m/min); 
f= (0.1, 0.2 mm/rev); 
ap = (1.0, 1.5 mm). 

Source: Campos, 2015. 
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From Table 1 we observe the most frequently cutting speed (Vc) values are on the range of 
100 to 200 m / min. The cut-off depth (ap) range normally used on turning of hardened 
materials is among 0.15 and 0.20 mm. Cutting feed (f) is the most important machining 
parameter on turning process, because it causes the highest impact on the finish of machined 
component. In this way, the cutting feed (f) is estimated as a function of the tool tip radius (rε) 
and the desired roughness pattern in the machined component. 

 

Response Surface Methodology  

According to Montgomery (2005), the Response Surface Methodology (RSM) is a set of 
mathematical and statistical tools used for modeling and analysis of problems in which the 
objective is to optimize a response of interest, influenced by several variables. 

For most problems, relations between the response and independent variables are unknown. 
Thus, the first step is to find a suitable approximation to represent a response of interest as a 
function of the process variables. This type of relation is normally described by polynomial 
functions. In this way, if the response is well modeled by a linear function, the first-order 
model, as described on Eq. (1), can represent the approximate ratio. 

εββββ +++++= kk xxxy ...22110                            (1) 

where:               

y - Response of interest 
xi - Independent variables  
βi - Coefficient  
k - Number of independent variables  
ε - Experimental error 
If the system has curvature, then a higher degree polynomial should be used, as the second 
order model described by Eq. (2). 

εββββ ++++= ∑ ∑∑∑
= <=

jiij

k

i ji

iiii

k

i

i xxxxy
1

2

1
0                           (2) 

Almost all response surface problems use one or both above models. Furthermore, it is 
unlikely the polynomial model behaves as a suitable approximation for the entire 
experimental space covered by the independent variables. However, for a specific region, 
these models have been efficient. 

The experimental design for data collection most used in Response Surface Methodology is 
Central Composite Design (CCD). A CCD for k factors is a matrix composed by three distinct 
groups of experimental elements: a complete factorial (2k) or fractionated (2k-p, p is the 
desired fraction of the experiment), a set of central points (m) and, additionally, a group of 
extra levels called axial points - 2k (Figure 1). The number of axial points on a CCD is equal 
to twice the number of factors and represent their extreme values. Depending on the location 
of axial points, the CCD can be circumscribed, inscribed or face-centered. 

Several researchers have frequently used Response Surface Methodology (RSM), which is 
one of the main techniques of Design and Analysis of Experiments, contributing to better 
understanding the relations between variables in several manufacturing processes. In this 
sense, numerous success cases of applying this methodology are described in literature, such 
as CORREIA et al. (2005), PALANI and MURUGAN (2007), RODRIGUES et al. (2008). 
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Fig. 1 - A Central Composite Design (CCD) for three factors. 

 

METHODOLOGY      

Experimental design 

This work adopted cutting speed (Vc), cutting feed (f) and machining depth (ap) as control 
variables. They are admittedly recognized as the most important variables, since they strongly 
influence the turning process, mainly on the workpiece surface finish and the tool wear. 

We planned the experiments following a Central Composite Design (CCD), created for three 
parameters at two levels, resulting in 19 experiments. At the end of the tests, the parameter 
levels were set, as shown in Table 2. 

Table 2 - Control variables and work levels. 

Control variables  Symbol 
Levels 

-1.682 -1 0 1 1.682 

Cutting speed (m/min) Vc 57.39 100.00 162.50 225.00 267.61 

Cutting feed (mm/rev) F 0.06 0.10 0.16 0.22 0.24 

Machining depth (mm) Ap 0.09 0.15 0.225 0.33 0.39 

 
Experimental proceeding  

The workpiece material was AISI steel H13 with a hardness of approximately 54 HRC, which 
chemical composition includes C (0.370-0.420%); Mn (0.200-0.500%); Si (0.080-0.120%); 
Cr (0.050-0.055%); V (0.080-0.012%) and Mo (0.012-0.017%). We conducted the essays on 
a turning center MHP Kingsbury, with 18 kW power and maximum rotation of 4500 rpm, 
using a CC650 ceramic tool, which chemical composition is described on Table 3.  

Table 3 - Chemical composition of CC650. 

Sandvik Coromant Tool 

Ceramic ISO Geometry Composition 

CC 650 CNGA120408 T01020 70% Al2O3 + Ti [22.5% C, 7.5% N] 

 

 

- Factorial points 

- Axial points  

- Central points  
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Roughness measurement (Ra)  

We characterized the turned surfaces through the most common technique of surface 
microgeometry analysis, called rugosimetry. Roughness parameters values according to ISO 
4287/1 were obtained through the Hommeltester-T 1000 needle roughymeter. 

 

Tool life measurement (T)  

Flank wear was measured for different insertions in relation to the cutting time for different 
combinations of cutting parameters. We found the classic process of tool wear, which 
followed with the increase of cutting parameters, especially cutting speed. 

We obtained the end of tool life (T) in minutes by multiplying the total number of passes by 
cutting time (Tc) in each pass, such as showed on Eq. (3). 

Vcf

dl
Tc

f

⋅⋅

⋅⋅
=

1000

π

   
[min]                                                                           (3) 

Where:  

lf - Workpiece lenght = 100 mm,  
d - Workpiece diameter = 49 mm,  
 f - Cutting feed [mm /rev],  
Vc - Cutting speed [m/min] 

 

RESULTS AND CONCLUSIONS 

As shown in Figure 2 (A) and (B), the main types of wear were flank wear and crater wear. 
From analysis of Figure 2 (B), we observe cutting edges were weakened due to the change of 
tool geometry because of the intense crater wear, which helped the occurrence of micro-slabs. 
These micro-plates affected the formation of severe abrasive marks in flank region, 
influencing the roughness of machined workpiece, as shown in Figure 2 (A). 
 

   
Fig. 2 - CC 650: (A) Clearance surface and (B) Output surface. 
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Figure 3 shows the machined surface representation for the studied conditions at the end of 
tool life. 

 
Fig. 3 - Representation of machined surface at the end of CC 650 tool life. 

As shown in Table 4, the analysis of experiments 10 and 11 shows the highest roughness 
value of 0.65 (µm) for a Vc = 267.00 (m/min), f = 0.16 (mm/rev) and ap = 0.24 (mm), and a 
lower roughness value of 0.26 (µm), for Vc = 162.50 (m/min), f = 0.05 (mm/rev) and ap = 
0.24 (mm). Comparing the results, we found for the smallest advance, the lowest workpiece 
roughness value (Ra).  
Another example is on experiments 11 and 12. For Vc = 162.50 (m/min), f = 0.05 (mm/rev) 
and ap = 0.24 (mm), the roughness values of the experiment 11 is 0.26 (µm) and the values of 
experiment 12, for Vc = 162.50 (m/min), f = 0.26 (mm/rev) and ap = 0.24 (mm) is 1.63 (µm).  

 
Table 4 - Experimental matrix (CCD) responses for CC 650 tool. 

Experiment 
T 

(min) 

Ra 

(µµµµm) 

1 59.00 0.23 
2 31.25 0.40 
3 48.50 1.62 
4 26.00 1.72 
5 58.00 0.32 
6 26.25 0.24 
7 48.50 1.74 
8 26.00 1.67 
9 56.50 0.72 

10 21.50 0.65 
11 36.00 0.26 
12 38.50 1.63 
13 47.25 0.96 
14 45.00 0.92 
15 40.50 0.82 
16 41.00 0.83 
17 42.00 0.81 
18 41.50 0.82 
19 42.00 0.83 

We observed cutting feed (f) exerts the greatest influence on the roughness (Ra) values, since, 
when maintaining values of Vc and ap for the lowest cutting feed (f), we obtained the lowest 
workpiece roughness (Ra), as presented in Figure 4.  
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Fig. 4 - Main effects for Ra (µm). 

Table 4 also shows the tool life values. On experiment 11, for a tool life of 36 min, Vc = 
162.50 (m/min), f = 0.05 (mm/rev) and ap = 0.24 (mm), while on experiment 12 we obtained 
a tool life of 38,5 min, for Vc = 162.50 (m/min), f = 0.26 (mm/rev) and ap = 0.24 (mm). On 
experiments 7 and 8 (Vc = 100 and 225 m/min) and 9 e 10 (Vc = 57 and 267 m/min, axial 
point), we got higher values of tool life for lower cutting speed, suggesting Vc is the main 
effect on the tool life.  

Figure 5 shows the main effects for tool life (T) as a function of cutting speed (Vc), cutting 
feed (f) and machining depth (ap), which confirms the data from Table 4 that Vc is the factor 
which has major influence on the tool life.  

   
Fig. 5 - Main effects for T (min). 
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ABSTRACT 

The aim of this paper is to describe the ability to integrate with existing production line 
machine vision system supervising its work and demonstrate increased productivity which is 
the result of the application of the proposed solution. Sub-goals: limitation of routine 
activities performed by the operator, reduction of set-up times of the production line, 
automation process of calibrating the machine, automatically detect product defects at an 
early stage of manufacture, introduction of an automated system of counting and 
classification of products. 

Keywords: machine vision, production engineering, mechanical design, maintance. 

 

INTRODUCTION 

The inspiration for the writing of "The application of the system of machine vision to 
supervise the packing process in selected manufacturing company" has become, unmet need 
for improving knowledge, particularly from the application of computer technology in the 
production, including the question of machine vision, while the use of skills in the field of 
construction machinery, equipment CNC and modeling in CAD systems to create a design 
multidisciplinary. 

Characteristics of faults and their causes during the manufacturing process shows that the 
impossible or highly inefficient would attempt to intervene in the mechanical structure of the 
production line so as to preclude the possibility of the formation of these defects. It is 
therefore necessary to consider the possibility of automatic quality control on-line, allowing 
quicker detection of defects arising and the possible removal of its causes. 

As it concerns the issue of visual defects of the product, you can reject the possibility of their 
identification in a mechanical way. In this paper will be presented improvement based on the 
vision system, whose task will be to examine the loaded image for correctness stated printing 
and specify the fault position of the shaft with “Bobin” and generate an appropriate control 
signal, allowing to compensate the error. 

 

ANALYSIS OF IMPORTANT OPERATION OF THE PRODUCTION LINE 

Research focuses on the simplest machine production line, used for packaging of bulk blends, 
located in the hall of the plant. In contrast to other, newer does not have the modular 
construction. It is characterized by a coherent structure which enables the supply of energy 
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required for each operation from a single drive via a complicated system of cams and gears. 
The exception here are labeling and weighing, which have their own drives. 

 

 Transport 
sheet

Start Cut-offMarking Folding
Vertical
welding

Filling
Horizontal
welding

Weighting
Correct 
weight

Packing Stop

Reject

Y

N

 
Fig. 1 - A block diagram of the operations performed on the production line 

 

TRANSPORT OF THE SHEET 

The material has an initial wrapping is supplied as coils forty kilograms sheet with a width of 
approx. 640 mm and a length of 920 m (so-called Bobbin). The final size and material of the 
bobbin, and hence of the package depends on the packaged product. Bobbin is assumed on the 
shaft where it is compressed from both sides of the special positioning means which are to 
prevent unwanted axial and angular shifts of the bobbin on the shaft. After that the shaft is 
coupled with the bearing shaft of smaller diameter, which is the foundation of the entire 
system and allows for angular movement of the shaft after deposition of the holders line. The 
sheet is drawn by a system of rollers to roll inhalers by which it is gripped. This ensures even 
distribution of the sheet, and also eliminates the possibility of corrugations or folds. A proper 
tension of the belt provides a shaft formed on the two booms, one of which is connected to the 
frame by a spring. When the sheet is drawn it is created a force that maintains the shaft and 
disappear only at the time of the processing operations, when the roller falls due to the force 
of the spring tensioned, thereby biasing the entire sheet. An important element is the brake 
that blocks the rotation shaft Bobin for the duration of technological operations. This is 
necessary due to the nature of the start-foot of transportation sheet- if you run out of the 
brake, the moment of inertia reel it would generate a continuous rotation, which would lead to 
a loosening of the sheet and as a result of the defects. 

 

DEFECTS 

Observation of the packaging process, allow the detection of the two most emerging defects 
in the product, which must qualify it as a non-compliant product. They are: printing the wrong 
date and serial number, or a total lack of printing and unequal submission package.  

The error printing depending on its nature, can be either an error made by the operator, or 
wear or defect of dating. If printed is inadequate expiry date or batch number inconsistent 
with the real, it can be assumed that the cause of defects is incorrect setting of the stamp by 
the operator. Often appearing error is also a complete lack of printing or a part thereof, which 
is usually caused by wear the ribbon or the local dirt. 

Incorrect laying of the package is the most common mistake during the material 
manufacturing process. Its cause is the inappropriate position of the reel with respect to the 
wedge at which the sheet is folded. The plane of symmetry of the wedge should pass through 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 
 
 

-1103- 

the sheet exactly in the middle of. Displacement of the bobbin relative to the wedge moves to 
the bending line of the sheet relative to its center, and as a result of incorrect assembly. 

 
Fig. 2 - Incorrect assembly 

A roll of material suitable location on the package is generated in each case in retooling the 
machine. It is impossible to assume the ideal desired position and even with the use of tapered 
positioning elements as a cardboard tube (core) on which is wound the sheet is very 
susceptible to and in contact with the positioning member always becomes deformed, the 
volume of which is a function of many factors, so that accurate its value is difficult to predict. 

         
Fig. 3 - The influence of deformation of the bobbin core to the position error against the edge 

a) no error - collinear planes of symmetry reel and wedge, b) error position - gap between  
the plane of symmetry of the key (black axis) and the bobbin (yellow axis) 

It should be noted that the deformation of the bobbin core is not the only cause of the error in 
question. It consists also confusion core diameter, the consumption of positioning elements 
and technological clearances, which are necessary for a smooth changeover of the production 
line. 

The result of the impact of these factors is very low reproducibility of positioning shaft 
position of Bobin. You must, therefore, was to use a solution that would allow for 
compensation arising from errors. This functionality is achieved through the use of bolts 
coupled with the shaft of Bobin, which is part of positioning the shaft in the body of the sheet 
delivery system. By turning it to obtain the movement of the shaft along its axis. 

This approach forces the compensation on-line, ie. During the operation. Once armed, the 
production line operator starts it, then visually evaluate the size of the fallacy of composition 
and on the basis of observations made shift shaft Bobin by turning the nut. There is no doubt 
that flawless estimate the angle by which turn the nut is virtually impossible, so the process is 
repeated several times, it will be obtained a satisfactory effect. In conjunction with very high 
inertia of the process (the sheets must be passed through the sheet feeding system, before you 
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can see the effect of the compensation), causes a significant waste of time and huge losses of 
the material, which translates into increased costs of production. 

 

THE PROPOSAL TO IMPROVE 

Construction 

Characteristics of faults and their causes during the manufacturing process shows that the 
impossible or highly inefficient would attempt to intervene in the mechanical structure of the 
production line so as to preclude the possibility of the formation of these defects. It is 
therefore necessary to consider the possibility of automatic quality control on-line, allowing 
quicker detection of defects arising and the possible removal of its causes. 

As it concerns the issue of visual defects of the product, you can reject the possibility of their 
identification in a mechanical way. In this paper will be presented improvement based on the 
vision system, whose task will be to examine the loaded image for correctness stated printing 
and specify the fault position of the shaft with Bobin and generate an appropriate control 
signal, allowing to compensate for the error. 

In order to enable control the position of the shaft Bobin, was modified design of the sheet 
feeding. One of the objectives of structural design is to ensure manufacturability, which will 
produce all of its elements in the department repair company, which is to minimize the costs 
of a possible implementation of the modification. 

 

         
Fig. 4 - 3D model modernized the sheet feeding 

The positioner will move on the guide rod means mounted on one side of the body of the 
sheet feeding system, and with the second steel plate to the structure introduced for the 
purposes of this project. The second support point of the positioner is to constitute the 
cooperating with the propeller, the coupled stepper motor, deposited on the outer side of the 
machine body. This design does not allow you to move relative to each other two parts of the 
body positioner. To provide this functionality, the lead screw engages a threaded coupling 
with only one portion of the body of the positioner. In a second embodiment of the non-
threaded hole with a diameter of 0.5 mm larger than the diameter of the screw. This system is 
a screw drive, the energy for transmitting corresponding displacement of the shaft Bobin. 
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Vision system 

The purpose of the vision system is to be supervising the production line in order to detect 
emerging errors. If an error is detected printed on the package, sent to be a signal telling you 
that the segment is invalid, but if the system detects an error submitting the sheet generated 
want to signal a stepper motor system positioning, containing information about the angular 
misalignment needs to perform engine to compensate for the resulting error. As additional 
functionality, implemented counting algorithm recognized barcodes, and on this basis, 
creating a database of information on the number of goods produced specific type. 

As additional functionality also introduced an algorithm that calculates the number of steps 
you must perform a stepper motor to compensate for the fallacy of composition. 

 
Fig. 5 - The algorithm processing of the measurement results (LABVIEW) 

On the basis of a comparison measurement is performed by an image recognition algorithm 
and the measurement was carried out on a machine coordinate is calculated, the value of the 
measurement error is equal to 0.07 mm. Taking into account the error caused by clearances in 
gear and the confusion generated by the discreet nature of the positioning of the stepper motor 
is assumed that the positioning error of the proposed device is 0.1 mm. 

With the modification introduced, it is possible to limit the number of correction cycles in 
retooling to Ck = 1 and shorter set-up times of the production line Tp = TPN = 7 min. 
Material losses caused by the rejection of the overprint reduced to N = 50 m / year. 

The result of application of the automatic compensation system error submitting the test 
object technical ceased to demonstrate the dependence of the time of its changeover from a 
change width of the used reels. The result of this treatment is to reduce the bobbin exchange 
time by 62.5%. Significant change was the speed of response to the emergence of błędu- 
initiation regulation occurs with minimal delay (due to the time of data transfer) in relation to 
an error is detected, and also the same time the regulation is negligibly small. Effect on 
process time retooling the production line is also a change in the foundation of the shaft in the 
body. The proposed solution can reduce the count routine activities necessary to picture the 
empty spool and the foundation of a new sheet. 
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Fig. 6 - Info screen for results of machine vision system inspection  

 

RESULTS AND CONCLUSIONS 

In order to enable control the position of the shaft “Bobin”, was modified design of the sheet 
feeding. One of the objectives of structural design is to ensure manufacturability, which will 
produce all of its elements in the department repair company, which is to minimize the costs 
of a possible implementation of the modification. 

In order that the movement of the shaft from “Bobin” along its axis, the kinematic pair shaft - 
body should add one degree of freedom. To this end, the idea of the foundation in the form of 
additional components on the shaft and on both sides of the casing provided a pair of bearings 
on axles fixed to steel plates. The rear shaft to the bearing assembly, gives him the freedom to 
rotate around its axis and axial movement. On bearings, to reduce friction and prevent them 
from wear, cast iron alloy was deposited. 

Based on the collected data and research results it is estimated that the implementation of the 
proposed modifications would reduce the time component of the auxiliary process responsible 
for the set-up time line of 26 minutes and 40 seconds to 7 minutes. This gain of time allows to 
produce extra 1 713 793 pieces of products. 
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ABSTRACT 

The Philosophy of Technology constitutes a vision of the roles of Technology in the world 
from the point of view of the professionals of the same, that are the engineers already 
graduated from an engineering school, graduated from other university careers reconverted to 
engineers through their professional experience or self-taught. For engineers worried about 
the development of their profession, of which Dessauer (1958) was a characteristic example, 
the Philosophy of Technology implies the approach of the essence and the meaning of 
Technology in its different aspects. The 7 rules of the Philosophy of Technology and its 
application on mechanics and materials in design are presented. 

Keywords: philosophy of technology, engineers, mechanics, materials, design. 

 

INTRODUCTION 

An in-depth analysis of the Philosophy of Technology in all its aspects would undoubtedly 
fall outside the limits of this article. For this reason, is recommended the following literature 
Dessauer (1958), Mitcham (1989), Berg (2009) and Meijers (2009). However, among the 
various aspects of the Philosophy of Technology there is one that may have been little 
analysed and that with the elevation of the complexity of the technological system has 
become increasingly important. It is the philosophy of the technician's behaviour to ensure 
success in creating or improving products or processes. There are behavioural guidelines that 
all technicians must adopt independently of the technology to which they engage but some of 
them are especially important to apply on mechanics and materials selection in design.  

 

THE SEVEN RULES OF THE PHILOSOPHY OF TECHNOLOGY 

The seven rules of the Philosophy of Technology are as follows. 

Rule 1: Good is so much enemy of the bad as of the best. 

This is, in the opinion of the authors, the golden rule of Technology. Its correct application 
guarantees the professional success of the individual coach and the collective success of a 
company or a country. This standard defines the pragmatism that the technician must have. Its 
application represents the search for a dynamic equilibrium because technological progress 
makes, what today is better, tomorrow becomes good, and what constitutes a good solution 
today is bad tomorrow.  

Rule 2: The application of complex design methods that lead to the calculation with the 
greatest possible accuracy of a product, should only be performed when the search for the 

minimum cost of the final product is justified. 
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Bunge (1980) reflects well this standard when he says in his Epistemology: "The technologist 
(engineer) cannot prefer deep but complicated theories when he suffices for simpler but 
superficial theories. However, unless he is a pseudo-engineer, he will not avoid deep and 
complex theories when they promise success". 

Rule 3: The design of any technological development of any product should be done taking 

into account the worst case design. 

The engineer must take into account Murphy's popular law: "If something can work wrong it 
will surely". The one who is not a pseudo engineer always has very in mind that: Everything 
works on paper; a prototype in real conditions is more difficult to work correctly. This 
standard is also very useful in the materials selection that are used in the construction of 
numerous machines. 

Rule 4: The appearance of the technological system means that the solution to a technological 

problem is almost never unique and that the most appropriate one depends on the 

characteristics of the concrete application. 

For example in some applications the modularity (scalability) is important although it 
increases the cost, while in others it is not necessary and its use is not the optimal solution. 

Rule 5: Nowadays in the world, the conception of reliable processes and products involves an 

enormous amount of knowledge to be carried out by teams of experts from different areas of 

knowledge. 

That is why the engineer must be open to teamwork not only with other engineers but also 
with scientists, economists and business graduates, among others. 

Rule 6: Experience is the mother of engineering. 

The G8 countries demonstrate the importance for a nation to have companies that for decades 
have engineers who acquire practical knowledge through other fellow engineers. Examples 
include, among many other companies, Siemens, Philips and General Electric. To help the 
formation of interdisciplinary teams that work in the medium and long term and not only in 
the short term, is not only the task of the companies but in it play, the politicians a special 
role.  

Rule 7: Divide and win. 

This rule is mandatory when a complex system has to be developed. The Association of 
German Engineers elaborate the VDI 2221 standard that establishes a systematic procedure 
that starts from the analysis of the global problem, goes through its decomposition into sub 
problems, the search for partial solutions and finally their combination to obtain a global 
solution. 
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ABSTRACT 

Large variety, global competition and reduced development time of complex products are 
forcing companies to face constantly increasing challenges. 
In order to face these challenges and to ensure the market position, several companies are 
merging together to a corporate network. This leads to new problems regarding to the 
communication between the companies within their network as well as the holistic 
registration of requirements. However, specific knowledge about requirements and their 
importance in relation to the stakeholders are decisive for producing high quality products in 
the future. To counteract this particular problem a development of a new methodical approach 
for requirements management in cross-company networks is needed. This paper presents a 
first concept for an approach for requirements management in cross-company networks, 
which is built on a model-based concept of system engineering. 

Keywords: requirements management, corporate network, model based systems engineering, 
complexity 

 

INTRODUCTION 

The relationships of cooperation with other companies in a corporate network provide through 
the flexible specialization many advantages for an individual company for example a 
solution-oriented approach and just in time reaction against the rapid development or 
increasing innovation pressure (Storper et al., 1987; Piore et al., 1984). As a part of a 
corporate network, an individual company has the opportunity to respond to fast market 
changes in order to reduce costs. 

Although the trend of merging together to a corporate network is continually rising in the last 
years, research for this form of organisation has been neglected (Glückler et al., S.6.; 
Stadlbauer 2007, S. 13). Ncube et al. (Ncube et al. 2013), (Lewis et al. 2009), (Hallerstede 
2012) and (Meyers 2006) see a need for further research, particularly concerning the 
traceability of requirements. They note that the current approaches of requirements 
management are insufficient to realise the traceability of the requirements and the managing 
of product and service complexity in corporate networks. A recent study shows that a fast 
response to the customer's requirements has a high significance and it is considered to be very 
important (98,6% percent of the surveyed companies) for the companies in the future (next 
five years).   

Hereby, it is clear that the requirements and their fulfilment are very essential for a corporate 
network. However, a standardized approach to handle requirements in a corporate network 
does not currently exist (Ncube et al. 2013).  
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In this paper corporate network is defined as a socio-technical system that consists of three or 
more companies with common goals and relationships of cooperation. In order to accomplish 
that, resources and core competences of each company need to be combined in a goal-oriented 
manner and used to reach a required performance. This can be achieved by concentrating the 
core competencies of companies and through the addition of further needed competencies by 
choosing the proper network partners. In this way, core competencies of various companies 
from different disciplines are bundled in order to realize best performances in the 
manufacturing of mechatronic products. Certainly, the interaction of various disciplines could 
cause issues due to the fact that every discipline has their own individual, intern processes, 
technical jargon and models to handle complexity (Willing, 2015). Based on those 
divergences and the complex interactions of various companies in a corporate network, there 
are resulting issues concerning the requirements management of a corporate network. These 
are supposed to be discussed in this article: 

- How can be ensured that these inconsistency requirements of the customers from 
different countries can be recorded and checked? 

- How is it possible not only to collect data of the requirements in a corporate network, 
but also to realize it in a structured, validated and systemically way? 

In this context, requirements are defined as the expectations and needs of stakeholder, which 
are in usually assumed or obligatory (Winzer 2012). In order to realize a sustainable and 
effective organisation of a corporate network requirements need to be defined specifically, 
collected systematically, structured and analysed. In case that a requirement has been 
incorrectly defined and incompletely implemented, the success of the products and services 
can no longer be guaranteed (Ponn 2011).  

In a corporate network, as complex organisation, the incorrect definition of a requirement due 
to an insufficient allocation between service providers and customers can be a major problem. 
In addition, a loss of knowledge can result from the application of different and specific 
corporate languages. (Nicklas et al. 2012; Killich 2007). Which steps have to be taken to 
ensure that the requirements are clearly defined and implemented with a common language 
between the network companies? One possible solution for this problem is a methodical 
approach to handle requirements in a corporate network. This methodical approach, presented 
in the following paper, could be a solution to create a common language within corporate 
network in order to define correctly and implement requirements completely. The new 
approach is based on a comprehensive literature analysis of requirements management 
procedures, which points out the absence of a standardized procedure (Nicklas 2016). For this 
reason, systems engineering is used to control and overcome the previously mentioned 
complex problems. It needs to be ensured that the requirements of different stakeholder are 
collected, structured, weighted systemically and distributed to the right cooperation-partner. 
Furthermore, the tracking and updating of the requirements have to be realized. This can only 
be done by a controlled approach of system engineering that is able to describe the 
relationships between system elements and subsystems in order to show the complexity of an 
entire system transparently (Dohms 2001). 

For this system approach, an interdisciplinary system model for corporate networks and their 
products has to be created. This system is supposed to interact iteratively with a general and 
standardized procedure to accomplish a requirements management. In this way, the constant 
updating of requirements and information flows in a corporate network can be recognized.  

For this purpose, first the current approaches of requirements management from science and 
practice will be analysed in the next chapter (“Requirement management approaches”). Based 
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on the strengths and weaknesses of the approaches, a concept for the requirements 
management in company networks will be worked out and presented in the chapter 
“Development of an innovative methodical approach for requirements management in cross-
company networks”. This approach needs to comply the demands concerning the new 
methodical approach for requirements management in cross-company networks. After that, 
the applicability of the new approach in the field of public transport will be verified (see 
chapter “Practical application of the methodical approach for requirements management in 
cross-company networks”). In the last chapter the results and conclusions will be discussed.  

 

REQUIREMENT MANAGEMENT APPROACHES 

Table 1 shows the different methods of requirements engineering and management (c.f. table 
1). Generally, requirements management and requirements engineering approaches can be 
categorised into the most well-known disciplines (e.g. software engineering or product 
development).   

Table 1 - Selected phases of  requirements management (Based on  Nicklas 2016) 

  

Most approaches begin with the elicitation-, acquire- or collect-phase of requirements, which 
are the basis for the next steps. In this phases, it is very important to know and to document 
the sources (stakeholder) of the requirements, so that information about service providers, 
customers or suppliers cannot be lost (Winzer 2012). In addition, the source of requirements 
can be tracked if necessary. This cannot be done when the sources are not assigned to the 
requirements. Basing on the first phase, the next phase (structuring, analyse and describing of 
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the requirements) follows. The final phase is defined as validate, maintenance or 
documentation. All approaches from table 1 concentrate on individual companies and not on a 
corporate network. None of the approaches captures and examines the inconsistency 
requirements of customers from different countries or collects data about the requirements in 
a corporate network. Moreover, none of the approaches ensure that the requirements in a 
corporate network will be implemented in a structured, validated and systemically way. 
Furthermore, none of the approaches realise the transparent traceability of the requirements. 
Hence, requirements cannot be assigned to their source (stakeholder) or to the person, which 
is responsible for implementing requirements. The results of the analysis show that there is a 
scientific and practical gap concerning an approach for requirements management in cross-
company networks. In order to fill this gap a new, methodical approach has to be developed, 
which has to fulfil the following demands: 

- Ensure that inconsistency requirements of the customers from different countries can be 
recorded and checked. 

- Collect data of the requirements in a corporate network and realize it in a structured, 
validated and systemically way. 

- Realise a transparent traceability of the requirements. 

A possible solution to fulfil the demands above will be shown in the next chapter. 

 

DEVELOPMENT OF AN INNOVATIVE METHODICAL APPROACH FOR 

REQUIREMENTS MANAGEMENT IN CROSS-COMPANY NETWORKS 

For a systematically implementation of a requirements management in corporate networks a 
new methodical approach needs to be developed. In addition, it must be possible to 
understand and describe a corporate network by using this approach. For this purpose, a 
model-based concept of systems engineering (Model-based engineering) has been used to 
describe a corporate network as a system model. It shall show the implicit relationship 
between the companies in a corporate network transparently and offer a better management of 
the complexity of the whole system. Model-based engineering (MBE) “is an approach for 
engineering that uses models as an integral part of the technical baseline that includes the 
requirements, analysis, design, implementation, and verification of the capability of a system, 
and/or product throughout the acquisition life cycle” (Model-based Engineering 
Subcommittee, 2011). It includes an interdisciplinary procedure, which is combined with a 
system model for handling complexity (Sage, 2009; Weilkiens, 2006). This procedure starts 
with the definition of the system that is focused on. In the following, a problem solution in 
form of a procedural concept is worked out to solve the problem in a systematic and 
structured way. 

In order to develop a system model in the first step, a system modeling method is required. In 
practice and science, there are numerous, different procedures for system modelling, such as 
the Axiomatic Design (Suh, 2001), Consens (Gausemeier et al. 2012) or the structural 
complexity management (Maurer 2007). Those procedures were created to describe a 
technical system in the product development phase. Nevertheless, none of these procedures 
are suitable for application in a corporate network. They only focus on the product. But the 
new approach also needs to consider the organisation structure of the companies as an integral 
part of the system. For that reason, a method, which is called eDeCoDe (enhanced Demand 
Compliant Design), developed by the Research Group Safety and Quality Engineering, was 
selected.  
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Sitte/Winzer developed this method originally and it is based on the principle of systems 
engineering (Sitte 2011). The method contributes creating a standardized model by using a 
basis of data, information and knowledge. This system model realizes the interlinking of four 
standardized views (requirements, functions, processes and components) to depict a 
standardized system model. Furthermore, the interaction of the system elements within the 
whole system will be considered (Winzer, 2013). Certainly, a fifth view (social) is needed to 
realize a standardized view of a network as a socio-technical system. Therefore, the fifth view 
“persons” was integrated by Nicklas in his doctoral thesis. With the help of this fifth view a 
standardized depiction of collaborative networks in context of requirements management is 
possible. The linking of the system elements (requirements, functions, processes, components 
and persons) has been realized with a matrix, which is also called eDeCoDe - main matrix (cf. 
figure 1).  

 
Fig. 1 - eDeCoDe- main matrix as tool for the implementation of DeCoDe (Sitte, 2011; Nicklas 2016) 

 

The five views, which stand opposite to each other, are connected systematically and 
purposefully. Each matrix represents the dependence, interdependency and interaction of the 
system elements. The eDeCoDe-based system model uses requirements that are described as 
the expectations of the stakeholders. These requirements are translated into neutral functions. 
Functions are realized by processes, which are using components. Processes are interlinked 
with functions in a logical order to realize desired actions. Persons use and realize 
components as well as processes and generate input. In consequence, they realize functions, 
which correspond to the requirements (Winzer, 2013; Nicklas, 2016). All five element-classes 
are set in relation to each other with matrices to describe the (socio-) technical system. For 
example, the matrix "requirements-person" (top right in the figure 1) can contribute 
facilitating traceability of requirements. In this way, requirements can be assigned to the 
source (stakeholder) or to a person, which is responsible for the implementation of the 
requirement.  

Another benefit of the eDeCoDe method is that it can be combined with other methods or 
approaches, e.g. methods for requirements elicitation, structuring, weighting and validation. 
Thus, it can be used for modelling a network and its requirements. 
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The next problem that has to be solved is the development of a standardized procedure that is 
based on eDeCoDe and can be used to realize the requirements management. On the basis of 
the analysis of requirements management and engineering approaches, Nicklas pointed out 
the following possible standardized procedure (c.f. Nicklas, 2016). For the adaptation, the 
phase “system definition” was implemented in the new approach. In addition, the steps 
“structure” and “analyze” were compiled. Each of the four phases interact with the uniform 
network model. The points of time (t) represents the versions of the system model 
respectively the uniform network model (c.f. figure 2).    

 
                      Fig. 2 - Methodical approach for requirements management in cross-company networks.  
 
In the next section, the new approach shall be examined in more detail. In addition, the 
usability of the approach for corporate networks, which are focused on public transport, is 
discussed. In the chapter “results and conclusion” those findings are examined critically and 
derived if the defined demands of the new approach have been fulfilled. 

 

PRACTICAL APPLICATION OF THE METHODICAL APPROACH FOR 

REQUIREMENTS MANAGEMENT IN CROSS-COMPANY NETWORKS 

The application of the methodical approach was implemented within the project aim4it, which 
has been completed by the Research Group Safety and Quality Engineering.  

The project „Accessible and inclusive mobility for all with individual travel assistance” 
(aim4it) concentrates on a public transport system, which is suitable for all groups of the 
society. The unrestricted use of a fully integrated cross-modal-public-transportation along the 
complete mobility chain allows handicapped persons to use the public transport without any 
barriers (e.g. no elevator for wheel-chair users in a station building). Every mobility chain is 
conducted by an information chain. Especially passengers with special mobility demands 
have to be informed early about their departure or transfer time at the station.                      
This information should be current and also understandable. Relevant information need to be 
presented in an optical, acoustical, tactile way to the passengers or as a combination of two 
perception modes.  
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The project aim4it faces this challenge and combines the expertise of a multidisciplinary 
project team to develop a new, individual travel assistance. This holistic approach includes 
the representation of information which is explicitly tailored to the specific requirements of 
passengers with special needs. In order to consider the requirements of passengers (user 
groups) from planning to implementation, the methodical approach for requirements 
management in company networks from figure 2 of the last section was used. The following 
four steps were defined as: 

- System definition 

- Elicitation 

- Structuring and analysis and 

- Validation 

 

1) System definition 

In the first step the system itself and the stakeholders have to be defined. Due to the fact that 
aim4it focuses on a barrier-free public-transportation-system, special needs of passengers 
with disabilities, besides to normal passengers, are concentrated on: 

- Deaf passengers, 

- Wheelchair users and  

- Blind passengers. 

The next step is to involve the passengers, operators, legislator and developer into the 
progress of requirements development. According to systems engineering, the black-box 
approach from figure 3 helps to isolate the system from its environment, which influences the 
system (Haberfellner et al., 2012; Winzer, 2013).  In addition, the inputs and outputs of the 
system are determined. 

 

 
Fig. 3 - Black-box approach 

 

Thus, the system focus can be realized in a more detailed and precise way. Generally, the 
system is defined as a set of related elements with mutual interactions and interdependences 
(Patzak, 1982). After clarifying the system’s black box, the system itself has to be examined. 
The limitation of complex technical systems can be realized by decomposing the system into 
a set of subsystems by using the black-box approach from figure 3 (Visser, 2007; Ashby, 
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1957). Due to the variety of stakeholders of the aim4it system, the most important 
stakeholders have to be identified. First of all, passengers of the public transport are 
considered. Those who form the most important stakeholder-group of the new travel 
assistance system, their requirements have to be gathered and documented in a systematic 
way (c.f. next step 2 Elicitation). 
 

 
 

Fig. 4 - System limitation (cf. Nicklas, 2016) 
 
Figure 4 shows the aim4it mobility concept with its connected parts (infrastructure, public 
transportation - provider, backend system) and the stakeholders (source of requirements). On 
the right side, the network, which develops and uses the aim4it application is depicted. To get 
a first overview of the aim4it system as a uniform network model, the mentioned system 
elements have to be integrated into the system model. 
 

2) Elicitation 

In the elicitation phase, the product system model is focused initially. Therefore, the 
elicitation of requirements, which regard to the product system has to be carried out. 
Generally the elicitation is the main challenge especially in collaborative networks 
(Marchlewitz et al., 2013; Meyers et al., 2006, Nicklas, 2013; Savio et al., 2011). This can be 
explained by: 

- The variety of stakeholders. 

- Stakeholders who cannot articulate their requirements regarding to too complex 
systems. 

- The dynamic behavior of the system and its environment. 

- Different partners, products, customers in network structures. 

- Ambiguous structures, contact points and responsibilities. 
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There is a large diversity of methods for elicitation in literature, e.g. questionnaires, 
monitoring, different interview types (single interviews or focus groups), workshops, market 
studies, use-cases etc. (c.f. Ehrlenspiel/Meerkamm, 2013; Ponn/Lindemann, 2011; Yu et al., 
2011). 

A general approach for requirements elicitation is described by Hickey/Davis (c.f. figure 5). 
Requirements, which are already known can be elicited and formalized in a systematic way 
based on the problem- and solution domain (c.f. figure 5). 

 
 

 

 
Fig. 5 - Approach for requirements elicitation (Hickey et al., 2004) 

 
 
The example of aim4it shows the need for a precise requirements elicitation. Especially in 
case of different stakeholders or groups of user e.g. deaf persons who need special assistances 
for requirements elicitation are demanded. Therefore, a combination of requirements 
elicitation methods has to be used: questionnaires, workshops and single interviews. By using 
this combination, every requirement from stakeholders can be documented and used for 
system development. First, requirements from passengers of the public transport form the 
most important group. 

Their requirements can be explained by adequate (correct, precise, timely and understandable) 
information in any case of disruptions of the regular service. Even more requirements become 
obvious regarding to people with disabilities e.g. relevant information about defects of station 
elevators in sign language. The requirements are gathered and formalized by use-cases 
(Nicklas et al., 2015). Certainly technical requirements of developers, quality engineers and 
public operators also have to be considered in a systematic view. A dictated system model of 
the product is helpful to realize a mutual understanding for stakeholder groups. Figure 6 
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shows the combination between procedures for requirements elicitation with the system 
model. Input data from the first version of the system model was used from the use-case 
participants and responsible persons. Use case activity diagram and customer survey provide 
input data for a more detailed system model (c.f. figure 6).  
 
 
 

 

 

Fig. 6 - Combined procedure for requirements elicitation with the help of the system 
model (cf. Nicklas, 2016) 

 
 
 
The use-cases are SysML and UML-based (system modeling language, unified modeling 
language), which are combined with a storyline that integrates the users. In addition to that, a 
consistent combination of the technical requirements (UML-flowcharts) and the user 
requirements (requirements lists, storylines) are realized to develop the system model with 
more details. 

 

 

 

3) Structuring and Analysis 

For a systematic system development the requirements have to be structured and clustered. To 
insert structural input into the system model, a use case cluster was used (c. f. figure 7). The 
structure of the hierarchy is built in a logical way and starts with the goal, which is divided 
into different use-cases. Requirements of the application were derived from individual use-
cases and further classified into detailed requirements. In addition, they could be described by 
using attributes like stakeholders (source of the requirements). After that, the requirements 
can be prioritized with methods of group decision making. 
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Fig. 7 - Requirements structuring and analysis 

 
 
There are many different methods (pairwise comparisons, ranking-methods etc.), which can 
be used for the prioritization of the requirements (Nicklas, 2016). The working group has 
chosen the analytical hierarchy process (AHP), because the experience has shown that this is 
the most suitable method to prioritize the requirements systematically (Nicklas, 2016). 
 
 

 
Fig. 8 - Requirements analysis by the usage of the AHP 

 
 
The use and update of the system model by utilizing the AHP is an important step for a 
systematic and consistent system development.  
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4) Validation 

In order to verify the degree of implementation, requirements have to be added and validated. 
To validate the system, users were tested based on the prototypical phone use-case. After that, 
measurements have been made to determine the satisfaction of the users. The purpose of those 
measurements was to compare the user’s or customer’s satisfaction data with the 
requirements, which have been defined in the second phase (Elicitation).   

The results of the satisfaction measurements (customer data) are integrated and interlinked as 
new requirements in the system model. Figure 10 shows the principle usage of the defined 
requirements (system model tn) and the comparison to the customer data (tn+1).   

 
 

 

Fig. 9 - Requirements validation 

 

The system model can also be used at a later point of time, e.g. for integration of new 
customer satisfaction data or new use-cases and systems to realize a consistent system model 
(over time). However, potential new partners of the collaborative network can use the existing 
network model for an easier integration into the network. 

 

 

RESULTS AND CONCLUSION  

In summary, this paper describes a new methodical approach which shows how to ensure that 
requirements of the customers can be recorded, checked, structured and validated in a 
systematical way. Furthermore, through the application of the new approach it should be 
possible to realize a transparent traceability of the requirements to their sources (stakeholder) 
or to the person, which is responsible for implementing the requirements. Approaches from 
science and practice have been analysed and demands for the new approach have been 
deduced. The new approach is a combination of adapted steps of requirements management 
and a uniform network model, which is based on eDeCoDe, a standardized procedure from 
the model-based engineering sector. Each of the four steps interact with the uniform network 
model in order to generate and update the system. The usability of the new methodical 
approach has been tested by a corporate network in the field of public transport. In the 
following will be discussed and examined, if the defined demands of the new approach have 
been fulfilled: 
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� Ensure, that inconsistency requirements of the customers from different countries can be 

recorded and checked. 

Within the scope of project aim4it requirements of users, respectively customers from three 
different countries (Austria, Germany and Poland) have been recorded. By comparison 
between system model tn and system model tn+1 in the phase of validation, it can be possible to 
check and identify inconsistency requirement of the customers (c.f. figure 9, subchapter 
validation). Therefore, in order to check, if the new approach could also be suitable for an 
application at companies from different countries, further research has to be carried out. 

� Collect data of the requirements in a corporate network and realize it in a structured, 
validated and systemically way. 

Based on the black-box approach, the limitation of complex systems can be realized and a 
system model can be created. For the collection of data and consistent description of 
requirements use cases were used. The input for those use cases were the defined 
requirements from the system model (c.f. subchapters system definition and elicitation). By 
using the analytical hierarchy process (AHP) the requirements of the aim4it system was 
classified and structured in a systemically way (c.f. subchapter structuring and analysis). 
Furthermore, a prioritization helps to identify the use cases, which are mostly frequented and 
important. Based on this knowledge, the requirements of the product systems can be 
prioritized. 

� Realise a transparent traceability of the requirements. 

With the help of the eDeCoDe main matrix tool a transparent traceability of requirements 
could be realised. However, a traceability of requirements is very dependent on data, 
information and knowledge, which are available in the system model. It could be interesting 
to model the traceability of the requirements not only represented in matrices, but also 
graphically. For further research, the presented approach has to be evaluated in more 
scenarios and with more examples.  
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ABSTRACT 

This work intends to propose a computer system in order to reduce the lead time of the 
Enterprise Diagnostic Method (EDM). This method diagnoses the maturity Lean level of 
companies, and the system analyzes if the evaluated companies are considered World Class 
Organizations (WCO), identifying its management strengths and weaknesses, to provide input 
for improvement opportunities in their companies. The value of this study lies in the ability of 
increasing the confidence and security of the collected data, the accuracy of mathematical 
calculations of Grey System, as well as in obtaining instant results, reducing significantly the 
time between the data collection and it´s results. 

Keywords: LESAT, BALDRIGE, world class organizations, grey system, lead time.  

 

INTRODUCTION 

Lean is a management philosophy focused on waste reduction (Womack et al., 2004). The 
MDE is a way of measuring a company's Lean maturity level (Calado, Robisom, Batocchio 
and Calarge, 2014), and to that end it uses indicators such as LESAT and BALDRIEGE. 
Currently the MDE is carried out manually, where the questionnaire with more than 120 items 
is given so that each participant will report a note to each item. After all have responded, an 
average of the notes per item is performed. With these averages, a representative graph of 
indicators is generated. 

An average is performed with the association of certain indicators, generating practice factors 
(processes already implemented in the company to improve business management) and 
performance (measurable results of the processes implemented in the organization). 
Given these factors, we can compare the company analyzed with its competitors thanks to the 
standardization of the LESAT and BALDRIEGE indicators. In this way, we then have a 
decision factor for new strategies of the company. 

To obtain the processes that must be improved in the organization, we use the correlation gray 
method. It provides an alternative approach to identify correlations between factors and 
focuses on the object of the search (Zheng et al., 2010). It is used to describe strength and 
weakness, the size and shape of the relationship between factors. 

This study was conducted in five companies, each one with a group of 5 employees per 
company responding to the questionnaire containing 121 questions, and a change index of 1% 
of the answers or forms. It was carried out in the first time manually and the second time with 
the use of the proposed system. 
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RESULTS AND CONCLUSIONS 

Based on the observed aspects, it was developed a computer system that reduced the lead time 
for obtaining the processes to be improved and the company´s position in WCO. This system 
has the possibility of decentralized data entry, security information, possibility of review of 
the items already answered, and after completed the entry of all questionnaires, the system 
instantly informs the results. Thus, we have reduced more than 65% of total Lead time, 
besides of all the benefits above, as it can be seen in Table 1. 

Table 1 - Resultados Comparativos 

Quesito Manual Using System  

Availability of questions 8 hours 1 hour  

Effectiveness of responses 101 hours 50,5 hours  

Questionnaire inquiry 0,1 hour 0,01 hour  

Calculation of the average of 
the indicators 

8,4 hours Instantly  

Calculation of practice and 
performance percentages 

0,1 hour Instantly  

Grey system calculation 15 hours Instantly  
Change in grades already 
awarded 

0,1 hour Instantly  

Re-calculation of the average 
of the indicators 

8,4 hours Instantly  

Re-calculation of practice and 
performance percentages 

0,1 hour Instantly  

Re-calculation of the gray 
system 

15 hours Instantly  

    
TOTAL 156,2 hours 51,5 hours  

 

The study resulted in a new, fast and reliable way to measure a company´s maturity level with 
the identification of a systematic way to guide new projects and initiatives, to support and 
develop strategic planning and to identify how organizations are establishing world class 
standards. 
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ABSTRACT 

In this work, the conservatism degree in the assessment of dents of the standard API-579/ 
ASME FFS-1 part 12, was determined through finite element method (FEM) simulations. The 
study was applied for pipeline steel subjected to internal pressure. In the modelling by FEM, 
three main conditions were considered as variables: increase of length and width of the dent, 
gradual increase of depth dent and progressive variation of the internal pressure. The obtained 
results indicate that there is a 46% degree of conservatism in the level 1 assessment of dents. 
This means that, a pipeline could reach a depth dent over the 13%, respect to the outside 
diameter of the pipe, without requiring an immediate repair or replacement of the component. 
Additionally according with the results, the depth dent is not the only determining factor to 
assessment the damage severity, since both the length and width of the dent as well as the 
pipeline internal pressure are important factors to considerer for the assessment. 

Keywords: Integrity assessment, depth dent, pipeline steel. 

 

INTRODUCTION 

The dent damage as a cause of failure, in the transport pipelines of hydrocarbons that are 
exposed to the environment, is also the most difficult to evaluate because of their geometric 
complexity [1-7]. A simple dent is defined as a damage that causes a change in the permanent 
curvature of the wall of the pipe without reducing the thickness, it is usually assumed that it 
does not contain other defects or imperfections [8]. The simple dents represent mechanical 
damages, which can fail to loads by internal pressure smaller than those of design, because 
they generate a concentration of stress and a high deformation in the contours as well as in the 
dent [9]. 

The origin of the dents is mainly due to the damage done by third parties and the ground 
displacements in which there are strong blunt objects having direct contact with the pipeline, 
generating elastoplastic deformation on its surface [10, 11]. 

Assessment of dents, using the standard API 579-1 / ASME FFS-1, emerges as a tool for 
fitness for service of a damaged element [12]. In Level 1assessment, in order to establish an 
acceptance or rejection criteria of damage, establishes a dent depth limit of 7%, without 
deepen on the integrity of the pipeline. Actually, a reduction of internal pressure is proposed 
to continue the operation [7, 9]. 



Topic-L: Industrial Engineering and Management 
 
 

-1128- 

The Level 2 assessment indicates that if the component is not subjected to work cycles it can 
continue operating. By contrast, if it is submitted to work cycles, it will be necessary to 
calculate the number of acceptable cycles that can continue operating the pipeline. 

The level 3 assessment is realized by the use of the Finite Element Method (FEM), which is 
the most accurate and used method for stress analysis [5-7, 11, 13-16]. The analytical method 
contained within Annex B1 of API 579-1 / ASME FFS-1: 2007 may be used for stress 
analysis when performing a fitness assessment of a component with a flaw. These methods 
are typically employed in a Level 2 or Level 3 assessment. The detailed assessment procedure 
uses the results of a stress analysis provided, to evaluate components by plastic collapse, local 
failure, loop and cyclic loads. 

The present work analyzes the conservatism degree of the international standard API 579-1 / 
ASME FFS-1, 2007, Part 12 named "Assessment of Dents, Gouges and Dent-Gouge 
Combination" at its evaluation level 1; modeling by FEM. The analysis was performed under 
three different conditions: the progressive increase of the length and width (aspect) of the 
dent, progressive increment in the dent depth and finally, the progressive variation of the load 
by internal pressure. 

 

MATERIAL AND METHODS 

Physical model 

A physical model was performed as shown in Figure 1 which has a dent depth of 10%, 
measured with respect to the outer diameter. 

 

 
Fig. 1 - Dented pipeline. 

 
Flawless model 

A pipe with the original dimensions of the physical model (omitting the dent) was realized by 
a 3D CAD software, in order to know the stress state generated in this component. First, an 
analytical calculation of the state of stresses present in the tube was made by the Barlow 
equations, which correspond to the circumferential stress (σC), according to equation 1: 

     �� � ��
��       (1) 

And the longitudinal stress (σL), by equation 2: 

     �� � ��
	�       (2) 

15 cm 

1.27 cm 

2.54 cm 

 
7.62 cm 
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Where: 
P= Internal pressure  
D= Outer cylinder diameter 
t= Wall Thickness 

The simulation of the flawless pipeline was done to know the generated stress in an isotropic, 
continuous and homogeneous material, according to the mechanics of the continuous 
medium. In addition, the Von Mises yield criteria was used to compare the FEM and the 
analytical results, in order to know the percentage of error that is made when performing 
simulations. 

Besides, from the Barlow circumferential stress equation, the failure pressure (Pf) of the 
component under operation conditions was calculated, to determine the integrity reduction 
produced as a consequence of the presence of a dent. 

 

First condition of experimentation: variation on length and width of the dent. 

It was sought to observe the effect that causes by the increase of the longitudinal and 
transverse dimensions of a dent, on the stress state generated in the element. To perform this 
analysis, the pressure and dent depth were kept constant as shown in Table 1, in which all the 
considered variables are shown. 

 
Table 1 - Variables of the first experiment condition. 

Event Pressure (psi) Dent depth (%) Aspect 

1 500 7 2 

2 500 7 4 

3 500 7 6 

4 500 7 8 

5 500 7 10 

6 500 7 12 

 

The “aspect” is a relationship of the variation of the geometry of the dent, which was handled 
with the following equation 3: 

 

    
�

 � 2 = Aspect      (3) 

 

Where L represents the length of the dent in the longitudinal direction and T represents the 
width of the dent in the transversal direction. The above equation stablish that the length of 
the dent will be double the width value. 

 

2.4 Second condition of experimentation: variation of dent depth. 

The effect of the increase in dent depth is considered, since it affects the stresses state 
generated in the component. To this analysis, the variables of pressure and aspect were kept 
constant as shown in Table 2, in which all the considered variables are annotated. 
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Table 2 - Variables of the second experiment condition. 

Event Pressure (psi) Dent depth (%) Aspect 

1 600 4 4 

2 600 7 4 

3 600 10 4 

4 600 13 4 

5 600 16 4 

6 600 19 4 

 

The dent depth (dp) is considered with respect to the outside diameter of the pipe (D) handled 
with equation 4, the maximum height of the dent is in the central zone and its depth varies as 
it approaches the edges axial and lateral. 

 

    
�
� 	�	(100%) � A% = Dr     (4) 

 

Third condition of experimentation: variation in the internal pressure. 

It was sought to observe the effect of the internal pressure on the dent and how it affects the 
stress state generated in the component. In order to perform this analysis, the variables of dent 
depth and aspect were kept constant as shown in Table 3. 

  

Table 3 - Variables of the third experimental condition. 

Event Pressure (psi) Dent depth (%) Aspect 

1 100 10 4 

2 200 10 4 

3 300 10 4 

4 400 10 4 

5 500 10 4 

6 600 10 4 

7 700 10 4 

 

 

FEM simulations 

In order to obtain a more precise analysis of the stresses generated in the dent, the standard 
API 579-1 suggests to use a refinement in the analysis zone. In this work, a mesh of 0.1 
inches in the whole element is used. In addition, the tetrahedral method mesh was used, which 
generates 4 nodes and 151,572 nodes, distributed throughout the element. Once the mesh was 
obtained, the boundary conditions were programed. According to the classification of loads of 
the API 579-1, only the load by internal pressure was considered. On the other hand, the fixed 
conditions of the component were set as the ends of the pipe, as shown in Figure 2.  
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Fig. 2 - Fixed component supports. 

 
The mechanical properties assigned to the FEM model are shown in Table 4. The material 
was assessed under non-linearity conditions as set out in API 579-1 in Annex B1. In addition, 
the tensile strength properties were obtained from previous work of Ángel Islas [9], who 
performed an experimental stress-strain curve of the material. 
 

Table 4 - Mechanical properties for the FEM model. 

Property Value 

Young Modulus 29950.30 ksi 

Ratio of Poisson 0.3 

Density 490.0595 lb/ ft
3
 

UTS 61.74 ksi 

Yield Stress 43.30 ksi 

K 128.46949  

N 0.3625  

 

 
RESULTS AND DISCUSSION 

Flawless model 

The FEM model of the flawless pipe show that a maximum Von-Mises stress of 14.053 psi, as 
shown in Figure 3. 

 

Fig. 3 - Stresses generated in a pipeline without defects. 
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In order to calculate analytically the Von Mises stresses, the Barlow equations were used, 
since the principal stresses σ1 and σ2 correspond to the circumferential (σC) and longitudinal 
(σL). 

Then, the σC stress was assessed by the Barlow equation 

�� � ��
��     (1) 

�� � (500���)(3	��������)
2(0.0480315	��������) � 15,614.76	psi 

 

The longitudinal stress (σL) was also assessed: 

�� � ��
	�     (2) 

�� � (500���)(3	��������)
4(0.0480315	��������) � 7,807.38	��� 

 

With the von Mises equation 

  � � (
√� *(�( − ��)� + (�� − �-)� + (�- − �()�./.0    (5) 

 

We proceed to calculate the analyzed stress (σ analyzed), taking as main stress those obtained 
from the Barlow equation, as follows: 

�� � �( � 15.614	1�� 
�� � �� � 7.807	1�� 

�- � 0	1�� 
 

Substituting in the equation 5,  �2324562�7 is:   

�2324562�7 � 1
√2 89(15.614	1��) − (7.807	1��):� + 9(7.807	1��) − (0	1��):�

+ 9(0	1��) − (15.614	1��):�;/.0 � 	13.522	1�� 
 

This result was compared to the result provided by the FEM simulation: 

 

FEM Simulation �<5=>42�?�=13.503 ksi 

Equation of Von Mises �2324@6?�=13.522 ksi 

 

It is observed that there is a slight difference between both results. Hence, the error percentage 
was calculated according to equation 6: 
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    %A � BCDEDFGHDIJKCLGMNFDIJ
CDEDFGHDIJ O × 100    (6) 

 

%A � Q13.522	1�� − 13.503	1��
13.522	1�� R × 100 � 	0.14% 

 

The error percentage is less than 1%, therefore the FEM simulations comply with API 579-1 
annex B1 requirements. Once the FEM simulations were verified, the obtained values for 
each experimental condition are reported. 

 

Finally, the equation 1 was reorganized to determine the failure pressure and the yield 
pressure as shown in equations 7 and 8 respectively. With these values, it is sought to know 
the integrity reduction of the component. 

 

Reorganizing the Equation 1:  

   � � ��
�� 			(1) → 		TU254>V?	7V	@5?4� � �C�

� 				    

                     

 

Failure pressure 

 

     TU254>V? � �C�
�       (7) 

TU254>V? � 2(61.74	1��)(0.0480315	�W)
(3	�W) � 	1.976	1�� � 1976	��� 

 

Yield pressure 

     T@5?4� � �C�
�                  (8) 

T@5?4� � 2(43.30	1��)(0.0480315	�W)
(3	�W) � 1.386	1�� � 1386	��� 

 

First condition results 

During this condition, stress concentration is observed in the dent zone with values of 
approximately 61,717 psi. Further, as the reported stresses approaches to the UTS of the 
material, these areas tend to bind. Figure 4 shows that the highest reported stress is 61,717 psi, 
which is in the dent zone. 

On the other hand, the reported stresses in the component increase as increase the longitudinal 
and transversal dimensions, which exhibit that the geometrical dimensions of the dent are also 
an important factor to consider. By contrast, the API 579-1 standard does not consider the 
geometrical characteristics of the dent, until the Level 3 of assessment. Table 5 show the 
aspect ratio variation as well as the stress obtained in each event. 
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Fig. 4 - Dented pipeline with aspect 12. 

 

 

Table 5 - Variation in aspect of the dent. 

Event Aspect  σVM (ksi) 

1 2 40.21 

2 4 52.09 

3 6 57.63 

4 8 60.14 

5 10 61.28 

6 12 61.71 

 

Second condition results. 

Table 6 show the dent depth variation, as well as the stress obtained in FEM simulations. 

 

Table 6 - Variation in dent depth. 

Event Dent depth (%)  σVM (ksi) 

1 4 38.88 

2 7 44.06 

3 10 50.29 

4 13 54.55 

5 16 61.06 

6 19 61.25 

 

According to the FEM simulations, it is observed that a dent of 16% is already close to 
failing. For that reason, a 13% dent depth was proposed as a limit for the calculation of 
conservatism, to know what percentage of the component considers useful API 579-1. 

 

Third condition results. 

Table 7 show the internal pressure variation as well as the stress obtained in each event. 
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Table 7 - Variation in the internal pressure of the pipeline. 

Event Pressure (psi) σVM (ksi) 

1 100 13.57 

2 200 27.22 

3 300 40.95 

4 400 51.94 

5 500 58.15 

6 600 60.84 

7 700 61.49 

 

The increment of the internal pressure performed in the third condition, show that at pressure 
above the 700 psi, the simulated component tends to fail inevitably, due to the reduction of its 
integrity. 

 

Critical areas 

A phenomenon observed steadily during the FEM simulations is reported in Figure 5, where 
areas of high stress concentration can be seen, these define the critical zones of the dent. 
These critical areas represent the sites where the dent will begin to fail, which are in the sides 
of the central zone of the dent on the longitudinal direction. This results support the work 
done by G. Latorre et al., who reported that the failure initiation zones, in the hydrostatic 
tests, are far from the central area of the dent, where apparently is the greatest damage [11]. 

 
Fig. 5 - Critical areas of the dent. 

 

Parametric analyzes 

In order to facilitate the management of all the information obtained, a parametric analysis of 
the three different conditions was realized. These analysis were considered dimensionless. To 
parametrize the stress, the FEM simulations stresses (σVM) were divided by the UTS of the 
material, which will be the maximum criterion of acceptance. The dimensionless number 
named “Sr”, is set in the ordinate axis, as described in Equation 9: 
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      YV �	CZ[\
]      (9) 

 

First condition analysis  

In the abscissa axis, the product of length (L) and the width (A) of the dent, divided by the 
product of the outer diameter (D) and the thickness (t) of the pipeline, was considered as the   
Gr ratio, as shown in equation 10: 

     ^_ �	 `abc      (10) 

The Gr ratio show the element behavior, analyzing the flaw size respect to the pipeline 
dimension. To perform the analysis, each ratio was plotted for the simulated conditions, as 
shown in Figure 6. It can be seen that when Gr = 80 the component tends to fail. 

Under these conditions, a dent with dimensions of 12 cm in length, 7 cm in width, a depth of 
7% and an internal pressure load of 500 psi, the pipeline tends to fail. This allows to know 
that the dimension of the dent is also an important factor that must be considered in the 
evaluation of dents. It is inferred that if these dents were analyzed at a lower internal pressure 
than the one used in the FEM model, they will generate lower Sr values leading to a safer 
operating area. Thus, the operation will continue without the need to remediate the pipeline. 
 

 
Fig. 6 - Parametric analysis of the variation on length and width of the dent. 

 

Second condition analysis 

In the second condition, the depth of dent (dp) divided by the external diameter (D) and 
multiplied by 100 was considered in the axis of the abscissa and named as "Dr", which is 
dimensionless. The “Dr” ratio is used in several investigations to determine how dent depth 
affects the element integrity. In this paper, this ratio will allow to know the margin of 
conservatism handled by API 579-1 Part 12 in Level 1 assessment, with respect to Level 3 
assessment. To perform the analysis, these relationships were plotted for each simulated 
experimental condition, obtaining the relation of the stresses against the dent depth, as shown 
in Figure 7. 
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Fig. 7 - Parametric analysis of the variation in dent depth. 

 

In the parametric analysis of Figure 7 it is observed that at a depth of 16% at a condition of 
600 psi and a length of 4 cm and width of 2 cm of dent the element tends to fail. 

A dent depth of 7% or less, marked by the Level 1 of the standard API 579-1 FFS as a critical 
criterion, turns out to be conservative because its stress ratio is close to 0.7. In this work, a 
dent of 13% is proposed as the limit criterion due to its proximity to 0.9 in the stress ratio. In 
addition, this component was simulated operating at internal pressure of 600 psi, which could 
easily be reduced to operate safely. 

To calculate the conservative margin of API 571-1, the equation 11 is used: 

%	deW�fgh�i��j � %�?3�	V77<24	K	%	�?3�	7U	k�l	0mnK(
%	�?3�	V77<24 �(100%)                (11) 

%	deW�fgh�i��j �		 13%		 − 	7%	
13% �(100%) � 	46.15% 

 

The conservative margin of API 579-1 with respect to this work would be 46.15%, comparing 
both depths of dents. According to the degree of conservatism, assessment by level 1 of the 
standard API 579-1 underestimates the integrity of the pipe to less of the half, because 
variables as the length and width of the dent are not considered, even when they are important 
factors to consider in dent assessment. 

 

Third condition analysis. 

The Pr parameter was used to know when the component would fail due to the presence of a 
mechanical damage. This parameter shows how the integrity of the pipeline is affected and is 
calculated from the applied pressure (Pa) divided by the failure pressure (Pf), giving a 
dimensionless number, as set in equation 12. The ratio of the stresses against the progressive 
increase of the load on the axis of the abscissa is obtained, as shown in Figure 8. 

 

     TV �	 �D�o      (12) 

API 579-1 
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Fig. 8 - Parametric analysis of the variation in the internal pressure of the pipeline. 

The previous figure shows the parameterization of the progressive increment of the internal 
pressure. It can be seen that a pressure of 600 psi (or greater), in a pipeline with a dent of 4 
cm length and 2 cm width and dent depth of 10% will fail. This conditions were simulated by 
FEM analysis, obtaining stresses of 61.49 ksi, which are higher than the UTS of the material. 
However, a reduction in the operating pressure, let that an element with 10% dent depth, that 
is larger than the proposed in the API 579-1 standard, can continue operating with any 
changes or repairs are needed. 

A dent compromises the integrity of a pipeline, thus the reduction of the component integrity 
was calculated, according to Table 7. The internal pressure of 700 psi was selected due to its 
closeness to the UTS. The previously calculated failure pressure was used to know the 
reduction of integrity by equation 13 as shown below: 

 

   %pf��qi�eW � �UrGstJNs	IuEsK�UrGst	IuEs
�UrGstJNs	IuEs

�(100%)              (13) 

%pf��qi�eW � 1976	��� − 700	���
1976	��� �(100%) � 	64.57%	 

 

The reduction of the integrity of a mechanically damaged element by the presence of a dent is 
64.57%, in this case the dent has dimensions of 4 cm in the longitudinal direction and 2 cm in 
the transverse direction. In addition it has a 10% of dent depth. 

 

CONCLUSIONS 

The results of this work indicate that there is a conservatism degree of around 46% in the 
evaluation of dents by means of Level 1 of the standard API 579-1 / ASME FFS-1, 2007. In 
terms of operability, it represents a problem since components or elements that would not 
need replacement or reparation, will be rejected. 
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Derived from the study carried out: 

1. The dent depth is not the only determining factor for assessing the severity of the damage. 
It is also important to consider the width and length of the dent, as well as the system 
pressure. 

2. The acceptance limit of a dent can be greater than 7% of the outside pipe diameter, in 
contrast to stablished by the API 579-1 standard. The results of this work indicate that the 
acceptance limit is around 13% of depth. 

3. The increase pressure tests indicate that the reduction of the integrity of a component as a 
result of the presence of a dent might be 64.57%.  

4. Based on the results of the FEM simulations, it is established that the zone in which the 
failure initiates are the ending opposite sides on the major axis of the dent. 
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ABSTRACT 

Research in environmental engineering is an activity that benefits and develops preventive 
intervention technologies, abatement and rehabilitation so as to reduce or eliminate the 
adverse effects of pollution and decrease the intensity of use of natural resources, minimizing 
the negative impacts of human activity on the environment. This work contributes to an 
assessment of air quality in the Portuguese national territory. A review was made of the main 
air pollutants, emission sources, occurrence, and harmful effects on human health. A database 
was created using the values recorded in the monitoring sites of ambient air quality co-
ordinated by the Portuguese Environment Agency. The analysis, data processing and 
interpretation using the statistical program SPSS.  

Keywords: air pollution, air quality, public health. 

 

INTRODUCTION 

Air pollution is a well-established cause of morbidity and mortality. However, unlike 
smoking, air pollution is not an option. It is an involuntary exposure, which may affect 100% 
of the population, from the beginning to the end of life. Much of the world's population 
continues to live in areas with poor air quality for some pollutants and some regions the 
situation is not improving and could be even worse.  

Most prior research on environmental health risks has focused on urban populations. Rural 
populations, however, are potentially exposed to a variety of serious environmental risks from 
point and non-point pollution sources including industrial facilities, animal containment 
facilities, mining operations, agricultural activities, and others.  

 

METHODOLOGY 

Urban and rural areas have different environmental characteristics whose knowledge needs 
improvement. In this work the pollutant analysis focused on carbon monoxide (CO), nitrogen 
monoxide (NO), nitrogen dioxide (NO2), nitrogen oxides (NOx), ozone (O3), particulate 
matter (PM10 and PM2,5) and sulphur dioxide (SO2). The Portuguese Environment Agency 
(APA) provides data on air quality for more than 60 measuring stations. The station types in 
this study include rural stations located outside of built-up urban areas and urban stations 
located in built-up areas where pollution levels are not influenced significantly by any single 
source or street, but rather by a combination of many sources. The evolution of the 
concentrations of the pollutants was investigated for the period from 2010 to 2015.  
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Firstly it is of interest to assess possible correlations between the behaviors of the pollutant 
concentrations. Pearson correlation coefficients between pollutants for the year 2015 are 
presented in table 1. The existence of three groups can be verified: nitrogen pollutants are 
strongly positively correlated; ozone and carbon monoxide are strongly negatively correlated 
and moderately positively correlated particles. 

Table 1 - Correlation coefficients between pollutants 

 

 

CO, NO2 and O3 are considered as traffic related pollutants.  

 

RESULTS  

Large differences were found between the urban and the rural areas in relation to the nitrogen 
pollutants: nitrogen dioxide, nitrogen oxides and nitrogen monoxide. Boxplots for the 
concentration (µg/m3) of NO (left) and NOx (right) differentiated by urban and rural area for 
the year of 2015 are presented in Figure 1.  

 

Fig. 1 - Boxplots for the concentration (µg/m3) of NO (left)  and NOx (right) differentiated by 
urban and rural area for the year of 2015. 
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The visual analysis of these charts seems to show that, for the nitrogen group, the differences 
between the two means are more evident than for the other pollutants.  The graphics of the 
nitrogen highlight also the existence of abnormally high values of concentrations considered 
as outliers (values that deviate from the most frequent values). The main sources of nitrogen 
oxides (NO + NO2) are of anthropogenic origin namely road traffic and industrial activity. 
During the operation of the engines of motor vehicles internal combustion processes 
occurring at high temperatures with the formation of nitrogen oxides from the oxidation of 
nitrogen present in the reaction between the air and the fuel. Thus the main source of emission 
of NOx (NO (nitrogen monoxide) + NO2 (nitrogen dioxide)) is motor traffic therefore the 
concentration of these pollutants is higher in urban areas due to higher traffic intensity. 
Nitrogen oxides emissions are in the form of nitric oxide, which in the presence of 
atmospheric oxygen is oxidized to form nitrogen dioxide which is among the aggressive 
levels for public health, causing respiratory problems. Under these conditions only the years 
2011 and 2012 are in conformity with the established legislation. 

Other pollutants, differences between the two media (urban vs rural) are not so pronounced. 
Recent evidence on adverse effects of particulate air pollution on public health has led to 
more stringent standards for levels of particulate matter in outdoor air. Ambient Air Quality 
Standard for airborne particulate matter was revised, maintaining the previous indicator of 
particulate matter of less than or equal to 10 µm in aerodynamic diameter (PM10) and for fine 
particulate matter of less than or equal to 2.5 µm in aerodynamic diameter (PM2.5) and 
creating a new indicator for much finer particulate matter of less than or equal to 0.1 µm in 
aerodynamic diameter. PM2.5 particles in urban values are higher, being wide spread in rural 
areas. For PM10 the distribution in rural areas is markedly negative asymmetric. It should be 
noted, in the urban environment, the existence of two stations that feature outliers: Restelo 
(extreme severe) and Avenida da Liberdade (extreme moderate). Natural events can also 
change the values expected for inhalable particles (Apambiente, 2013). Nevertheless, CO and 
NO2 concentrations were higher in the urban areas and O3 concentrations were higher in rural 
ones. Boxplots for the ozone concentration discriminated by urban (red) and rural (green) 
areas and efficiency validation for the outliers are presented in Figure 2. 

 

Fig. 2 - Boxplots for the Ozone concentration (µg/m3), discriminated by urban (red) and rural 
(green) area and efficiency validation for the outliers. 
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With regard to ozone, both distributions are approximately symmetrical noting that the rural 
areas show higher values, presenting Terena the lowest value of the rural surroundings. 
Situated in the Alentejo Interior, the fixed continuous measurement Terena station is installed 
where major pollutants are measured. It is a station of "rural" type addressing 
location/environment and aim/influence. In Portugal there are 12 rural background stations, 
which represent the air quality free of the influence of anthropogenic emission sources. These 
stations serve to identify natural environmental disasters such as forest fires or the intrusion of 
air carrying dust from North-Africa (Afonso 2014; Geraldo, 2009).  

 

CONCLUSIONS 

A database was created using the values recorded in the monitoring sites of ambient air 
quality coordinated by the Portuguese Environment Agency. Pollutants were analyzed for 
identified areas, contributing to the surveillance of environmental pollution reduction policies. 
The analysis and data processing was performed using the statistical program SPSS. The 
association between pollution sources and mortality risk is not a phenomenon limited to 
metropolitan areas. Air pollution is a complex problem. Different pollutants interact in the 
atmosphere, affecting our health, environment and climate. Further research is needed to 
better understand the types and distributions of pollution and the health consequences. Cluster 
analysis, aiming to recognize behavior patterns of statistical data by station/region may be a 
starting point for future studies. Quantitative models for environmental risk analysis 
associated with well-identified areas will contribute to the surveillance of environmental 
pollution reduction policies. 
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ABSTRACT 

Asthma has become the most common, childhood chronic disease in the industrialized world, 
and environmental factors are likely to be important in explaining the overall increasing trend 
towards asthma’s prevalence. Health risks have received considerable attention during recent 
years, namely, regarding their potential effect on asthmatic children. Indoor factors are of 
particular interest because children spend more than 80% of their time indoors globally.  An 
ongoing analysis investigating the association of potential health effects and indoor exposures 
to pollutants, allergens and irritants, dampness and mould and more general indoor comfort 
parameters is addressed here. The statistical results demonstrate the importance of evaluating 
indoor home environmental air pollution sources as risk factors for asthma like symptoms. 

Keywords: Indoor environment; Air pollution; Health; Asthma; School children. 

 

INTRODUCTION 

Indoor Air Quality (IAQ) has an important role on the human health and overall well-being, 
such that it keeps on raising attention of the scientific community and general public. A great 
number of studies came up showing that the exposure to chemicals, particles and 
microbiological agents as well as inadequate conditions of temperature and humidity are 
associated with the development of asthma and allergies. Asthma is one of the most 
predominant chronic diseases among young children, affecting more than one third in Europe 
(Oliveira Fernandes et al., 2008). Additionally, Sun et al. (2009) and Zhao et al. (2008) state 
that the prevalence of asthma has increased in recent decades at a rate that, according to 
Masoli et al. (2004) and Etzel (2007), is probably due to changes in environmental exposures 
and cannot be simply justified by genetic deviations.  

Children spend up to 90% of their time in indoor environments, with the majority of that time 
split between home and school (Annesi-Maesano et al., 2013). Given the wide range of indoor 
pollutants, many studies have come out investigating their impact on health. Important indoor 
air pollution determinants of asthma include among others fine (PM2.5) and coarse (PM2.5-
10) particulate matter, carbon monoxide (CO) and polycyclic aromatic hydrocarbons. There is 
increasing evidence that mould growth in damp buildings is an important risk factor for res-
piratory illness (Etzel, 2007). Comfort parameters such as temperature, dampness and visible 
mould, relative humidity and air ventilation measurements have been reported as associated to 
asthma exacerbation. The aim of this research project is to investigate the association between 
home and school’s indoor air quality and the development of respiratory complaints among 
children contributing with further information on school and home environments in Portugal 
and in particular in the city of Porto.  
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METHODS 

The “SINPHONIE” project, coordinated by the IDMEC in partnership with other European 
partners and under the recommendations of the World Health Organization and the European 
Environment and Health Action Plan, aimed at expanding the knowledge of the 
environmental sources and possible associations with the development of respiratory 
problems in school-age children and also to find new or better strategies to prevent and reduce 
the impacts of indoor air pollution. Between November 2011 and January 2012, a case-
control study was conducted with sixty-eight children (thirty-eight cases and thirty controls) 
aged between 7 and 10 years living in the urban area of Porto, Portugal, in order to assess 
associations between their personal daily exposure to air pollutants and the risk of developing 
asthma. Indoor measurements of volatile organic compounds (VOC), formaldehyde, 
acetaldehyde, carbon monoxide (CO), PM2.5, PM10, carbon dioxide (CO2), temperature, 
relative humidity, bacteria and fungi were conducted both at home and school. In the present 
study a significant number of schools and homes were situated close to a heavily trafficked 
road or close to a car park it is expected that outdoor ambient air contribute to the indoor 
concentration measurements. The Statistical Package for the Social Sciences (SPSS) was used 
for the analysis. To estimate possible associations, simple chi-square statistical tests and 
Mann-Whitney tests were applied for initial comparisons. Multiple logistic regression 
analysis was used to test the association between air quality and asthma risk factors, adjusting 
for the effective exposure time in each of the environments, home and school. 

 
RESULTS  

Consistent associations were observed between asthma and environment parameters. 
Chemical, physical and microbiological IAQ parameters collected from the houses and 
classrooms of 68 primary school children studying in the city of Porto. From the 68 children, 
38 presented symptoms or diagnosed asthma and the other 30 showed no symptoms at all. 
Different statistical approaches were considered in order to clarify possible associations 
between IAQ and asthma like symptoms. Available data was analized. As an example, 
boxplots and outlier identifications for temperature (left) and relative humidity (right) 
differentiating control (no symptoms) and case (asthma like symptoms) group are presented in 
Figure 1. 

 

       

Fig. 1 - Boxplots with outliers identification for temperature (left)  and relative humidity (right) 
differentiating control and case group. 
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Boxplots and outlier identifications for carbon monoxide exposure (left) and ventilation 
(right) differentiating control and case group are presented in Figure 2. 

          

Fig. 2 - Boxplots and outlier identification for carbon monoxide exposure (left)  and ventilation 
(right) differentiating control and case group. 

Interaction effects represent the combined effects of variables on the criterion or dependent 
measure. When an interaction effect is present, the impact of one variable depends on the 
level of the other variable. Part of the power of multiple regression is the ability to estimate 
and test interaction effects when the predictor variables are either categorical or continuous. 
When interaction effects are present, it means that interpretation of the individual variables 
may be incomplete or misleading and multiple effects should be studied in research rather 
than the isolated effects of single variables (Pedhazur and Schmelkin 1991). Using multiple 
logistic regression analysis suggests controversial asthma prevention in both environments 
(Aiken and West 1991).  

What indoor pollutants and comfort characteristics are risk factors for asthma like symptoms? 
Logistic regression is able to predict the presence or absence of an outcome based on values 
of a set of predictor variables. Logistic regression coefficients can be used to estimate odds 
ratios for each of the independent variables in the model. The stepwise selection method with 
entry testing based on the significance of the score statistic, and removal testing based on the 
probability of the Wald statistic and the Hosmer-Lemeshow goodness-of-fit were considered. 
Using block entry variables as home temperature, TVOC, other VOCs and school CO, α-
pinene, relative humidity, bacteria and fungi, and the stepwise forward Wald method, Table 1 
presents the p-value of logistic regression, odds ratio or odds ratio (OR) and their 95% 
confidence interval, OR between lower limit (LI) and upper limit (LS) for the variables of 
interest. The greater or lesser risk of asthma by a unit increment of embedded variables for the 
model is given by the OR.  
 

Table 1 - Built-in variables in the multivariate model and p-values, OR and confidence intervals (95%) 

 
p-value OR 

IC95% 

LI LS 

School CO (ppm · h) 0.004 0.660 0.497 0.875 

Home Temperature (ºC) 0.026 0.610 0.395 0.941 
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CONCLUSIONS 

Based on data gathered by the SINPHONIE project, the developed work is a contribution for 
a better understanding of the relations between IAQ of homes/schools and the prevalence of 
asthma, allergies and other respiratory symptoms. Interaction effects and associations between 
asthma risk and measured parameters were considered suggesting controversial contributions 
from home temperature and school exposure to CO. Further analysis was consistent with the 
research stating that children are less likely to have asthma when PM2.5, relative humidity 
and lack of ventilation are reduced. However, several factors could account for 
inconsistencies, including confounding factors, small effect levels, or chronicity of exposure. 
Observed associations reinforce and give consistency to the analysis. Research documenting 
effectiveness of interventions to reduce those exposures and improve asthma outcomes is 
needed. 
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ABSTRACT 

This paper provides guidelines to building a safety case by means of demonstrating that the 
risks of major accident such as an emission, fire, explosion, or structural failure of 
hydrocarbon (oil & gas) processing infrastructure, resulting from uncontrolled developments 
during petroleum exploration and production activities that could cause immediate or eventual 
harm to human health, or to the environment are known and controlled to a limit that is as low 
as reasonably practicable (ALARP). Demonstrating ALARP requires designing and building 
oil and gas facilities for safety and integrity. The concepts and techniques introduced in this 
paper may benefit managers and professional consultants who oversee the management of 
asset integrity, process safety, and guide the efforts directed towards building or validating a 
safety case.   

Keywords: safety case, ALARP, asset integrity, process safety, safety critical elements 
(SCEs), technical integrity. 

 

INTRODUCTION 

Oil and gas activates such as drilling, explorations, production, and processing operations 
imply major hazards with potential to seriously harm people, the environment, and properties. 
To prevent these hazards or mitigate their impacts, if occurred, governmental authorities have 
decided to enforce regulations that stipulate that the operator or owner of every offshore 
installation should be required to prepare a safety case and submit it to the regulator for 
acceptance. This safety case, which is a structured argument prepared by an operator or owner 
to convince a regulator that the operational risks at a given facility are known and managed to 
a level that is ALARP, is a precondition that must be met by the operator prior obtaining a 
license to operate. This paper will introduce one of the regulations that has spread over the 
world, and provide guidance to the design integrity and process safety efforts to satisfy the 
requirements of this regulation.   

 

UK SAFETY CASE REGULATIONS 

The UK Health and Safety Executive (HSE) has released the “Offshore Installations 
(Offshore Safety Directive) (Safety Case etc.) Regulations 2015 (SCR 2015), which has come 
into force on 19 July 2015 and apply to oil and gas operations in external waters, that is, the 
territorial sea adjacent to Great Britain and any designated area within the United Kingdom 
continental shelf (UKCS)” (Health and Safety Executive (HSE), 2015). This regulation was 
mimicked by many regulators around the world, forcing the operators to adopt ALARP 
concept and techniques as one of the most effective means to meet the requirements of this 
regulation.     
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OVERVIEW OF ALARP PRINCIPLE  

Figure 1 illustrates the ALARP principle. The triangle denotes an increasing level of 
cumulative risk that a person, or population are exposed to from a low risk situation, 
represented by green at the base of the triangle, to a high risk, represented by red at the top of 
the triangle. Figure 1 shows the Upper Tolerability Limit, above which risks are intolerable, 
but might be permitted under specific circumstances and after securing the required state of 
safety through sufficient precautions. Below the Upper Tolerability Limit, the risk is only 
tolerable if it is ALARP (Commission of Energy Regulation, 2013). 

 
Fig. 1 - Schematic Diagram Showing ALARP Concept - as Illustrated by CER  

 

For a risk to be ALARP, it must be possible to determine that the cost involved in reducing 
the risk further would be grossly disproportionate to the benefit gained. (Does et al., 2015). 

 

CONCEPTS, TECHNIQUES AND FURTHER WORK 

The full-paper of this abstract will explain the process of developing a safety case based on 
ALARP concepts and associated techniques, including hazard identification, risk reduction 
measures in design, construction, and operation phases as well as methods to establish 
technical integrity framework to demonstrate ALARP. 
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ABSTRACT 

This work describes the investigations on the shrink-fitted joints. The models of the marine 
engine cranks and pivots were made in the scale 1:5 considering the real manufacturing 
conditions of the large-sized crankshafts. The results of the ultrasonic measurements of the 
stresses were compared to the temperature distribution during the cooling of the assembled 
couplings. The conclusion was that the unsteady stress distribution might be caused by the 
unsteady cooling process. As a consequence, more tight joints may reveal not better ability to 
bear a load torque. 

Keywords: mechanical engineering, shrink fittings, assembled crankshafts. 

 

INTRODUCTION 

There are two main technologies for the crankshaft fabrication, the monolithic type, and the 
assembled type made out of the separated elements (Yamagata 2005, s. 165). In case of the 
large-size crankshafts manufactured for the marine engines, the monolithic technology poses 
many problems, so the assembled crankshafts are preferable. For example, the crankshaft 
6S35MC type is of 4,700 mm long, its crank radius is 700 mm, and the weight is 11,730 kg. 
The crankshaft is assembled in vertical position, and all its elements are joined together in an 
appropriate angle position, with a shrink-fitting technology. Fig. 1 presents the elements of 
such a crankshaft, and the Fig. 2 illustrates how these elements are being assembled together 
in the factory CELSA Huta Ostrowiec (Poland). 

 

(a) 
 

 

(b) 
 

 

(c) 
 

 

(d) 
 

 

 

Fig. 1 - Elements of the assembled crankshaft: a) supporting journal, b) crank, c) main 
journal, d) journal with flange 
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Fig. 2 - Partially assembled crankshaft of 6S35MC type in the factory CELSA Huta Ostrowiec 
 

Crankshaft is a very responsible element of the marine engine, because its failure, especially 
during the operation in the storm, may lead to the life threat of the shipboard personnel and 
passengers. It is known that fractures in crankshafts can occur by bending fatigue, by torsional 
fatigue or a combination of both (Jadhav & al., 2013). Moreover, in the assembled 
crankshafts, the hub must be axially positioned on the shaft and resist the moments and forces 
generated by misalingments (Mancuso, 1999). And finally, the joints must be able to bear the 
increased load. 

 

THE EXPERIMENTAL RESEARCH 

There are many methods of the shrink fit couplings analysis in different applications (Wang 
2016), but in case of such a large-sized elements empirical investigation and measurement is 
extremely difficult and expensive. Thus, the models in scale 1:5 were fabricated, so the 
laboratory measurement became possible. The shrink fitted couplings were made considering 
the real technical conditions. The roughness and form deviations were measured in order to 
keep the appropriate relative tightness of the couplings in the range between 2.0 and 2.5‰. 
Roughness of the surfaces was kept between Ra = 0.32 and 0.40 µm. The example of the 
examined model of the crank and the roundness measurement is shown in the Fig. 3. The 
surfaces designed to get in contact were dried and degreased before the operation, but no 
substances increasing friction were applied. To complete shrink-fitted joints, each crank was 
heated in the area around its orifice up to the temperature 350°C, and pivot was left in the 
room temperature. After the pivot was inserted into the crank, the coupling was left to cool 
down in the air.  
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Fig. 3 - Example of the nvestigated model of the crank (left) and the out-of-roundness of its 

orifice (right) 
 

The shrink-fitted elements generate internal stresses, which was measured using the ultrasonic 
measurement device Debro in the laboratory of the Institute of Fundamental Technological 
Research (Polish Academy of Sciences). For each couple crank-pivot and ring-pivot, the 
measurement was made before they were joined together and afterwards. The measurement 
results should be treated as the stresses averaged along the material thickness. In case they 
were performed close to the border between the details, they meant average along the joint. 
The digital simulation confirmed the unsteady stress distribution. 

 

 

Fig. 4 - Example of the measured radial stresses distributon in the shrink-fitted crank and 
pivot along the axes 

 

Roundness 
Crank K5 
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Apart from the stress measurements, the local temperature was measured in the area of joint 
between cranks and pivots or rings and pivots, respectively. The points of the temperature 
measurement and the graphs obtained for each sensor during the cooling are shown in the 
Fig. 5. 

 
Fig. 5 - Temperature registered by the sensors during the cooling in the air 

 

The results of the temperature measurement in the joint immediately after the assembling 
confirmed inevitable irregularity of the process, which leads to the weakening of the crank-
pivot coupling. The irregularities of the internal stresses that have led to the non-uniformity of 
the adjacent surfaces contact might had been produced by the non-uniform cooling.  

 

CONCLUSIONS 

This study shows that the cooling phenomenon and the non-uniform residual stresses are the 
main cause of the observed phenomenon, that the increase of tightness does not improve the 
reliability of the shrink-fitted coupling. In the future investigations, the measurement of the 
maximal torque will be performed. 
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ABSTRACT 

This work investigates the strain distribution during buckling of thin shell axisymmetric 
spherical caps with free edges. The mechanical tests performed resulted in the identification 
of unique, novel strain distribution data of aluminium and steel shallow spherical caps. 

Keywords: spherical cap, buckling, free edges, strain. 

INTRODUCTION 

Research on thin shell axisymmetric spherical caps has been primarily focused on spherical 
caps as structural members in the area of Aerospace and Mechanical engineering (Dumir, 
Gandhi, and Nath 1984). The non-linear buckling of clamped spherical caps under uniform 
step loading was investigated by (Lee, Lin, and Liou 1993); this research focused on buckling 
clamped spherical caps using uniformly distributed loads. Furthermore (Vaziri 2009) 
performed numerical simulations and qualitative experiments to study the mechanics of 
elastic spherical caps under point indentation. The spherical caps that were studied were 
plastic and clamped along the radial edge. Many papers have investigated vibration, static and 
dynamic buckling, strength and post-buckling analysis of spherical caps, but so far to the 
authors’ knowledge, there has been limited information on the collection of strain data during 
the process of buckling spherical caps with free edges to flattening.  

Spherical caps are parameterised by: radius of curvature, R; height, h; thickness, t; and across 
flats radius, a as shown in Fig. 1. These parameters are related by the shallowness parameter, 
λ.  

� ≡ ����� 	 
���
�
�� �⁄ �

�
� 

 

Fig. 1 - Spherical Cap Parameters 
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METHODOLOGY 

A total of 8 individual tests were performed on various caps of ranging λ and two varying 
materials, mild steel and aluminium (4 samples per material). The caps were manufactured 
from circular blanks and formed using a CNC die and rubber pad forming process. In order to 
minimise ‘spring-back’ of the caps after forming, the circular blanks were annealed 
beforehand. 

Tee-Rosette strain gauges were attached to the samples at various points as shown in Fig.2 
and were oriented in the longitudinal φ and latitudinal θ directions according to general 
spherical coordinates. Position A is the gauge at the innermost part of the cap, while position 
C is at the outermost end, leaving position B at the centre.  

The caps were placed in a tensile testing machine such that the open face rests on a fixed 
horizontal plate while another horizontal plate compresses the cap in the vertical direction 
only as seen in Figure 3. Compression/Buckling was conducted in a quasi-static manner, 
meaning the upper buckling plate was displaced by 0.5mm at a time in the “y-direction’ and 
the system was allowed to reach steady-state before taking the respective strain data. This was 
repeated until the cap was fully buckled into a flat plate. The tests were conducted at a slow 
displacement rate (10 mm/s) and at room temperature (≈25º C) while strain data was 
recorded.  

 

 
                Fig. 2 - Strain Gauge Positions                                             Fig. 3 - Buckling Schematic 
 
 

EXPERIMENTAL PARAMETERS 

Mild Steel 

Sample Radius/mm t/mm h/mm a/mm λ ν φA φB φC 

1 350 1.1 2.766 43.913 4.076 0.3 0.059 0.090 0.121 

2 350 1.1 3.291 47.887 4.447 0.3 0.057 0.088 0.136 

3 350 1.1 3.863 51.856 4.818 0.3 0.057 0.108 0.158 

4 350 1.1 5.143 59.779 5.559 0.3 0.062 0.108 0.170 

y 
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Aluminium 

Sample Radius/mm t/mm h/mm a/mm λ ν φA φB φC 

1 350 1.5 3.716 50.864 4.025 0.33 0.046 0.089 0.131 

2 350 1.5 4.641 56.811 4.499 0.33 0.049 0.106 0.149 

3 350 1.5 5.316 60.768 4.814 0.33 0.046 0.089 0.160 

4 350 1.5 7.000 69.649 5.525 0.33 0.043 0.100 0.186 

 
 

RESULTS AND CONCLUSIONS 

Fig. 4 and 5 shows the results from the buckling test from aluminium sample 4 and mild steel 
sample 4 respectively. The load-displacement curves for gauges in the φ-direction at the three 
different locations are illustrated as well. 

The most significant observation is that at position A, recorded strains were initially positive 
(tensile). As the deformation continued, the strains passed through zero and attained a 
negative value (compression) in both samples. The samples were continuous and 
homogeneous, hence the data suggests an axis of neutral strain. 

 

 
Fig. 4 - AL4 Buckling Results 

 
 

 
Fig. 5 - MS4 Buckling Results 
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Fig. 6 - AL4 Strain-Phi        Fig. 7 - MS4 Strain-Phi 

 
Figures 6 and 7 illustrate the strain distribution with respect to φ, with each line representing a 
strain line across the three points for each “step” in quasi-static experiment.  

This study shows substantial data on the existence of a neutral axis of strain within spherical 
caps that are being buckled. Further research is warranted in order to fully develop strain 
distribution equations. 
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ABSTRACT 

A set of tests on failure by overtopping of earth dams were performed under hydraulic and 
geotechnical controlled conditions in a medium-scale facility located at the Portuguese 
National Laboratory of Civil Engineering. The flow originated by a dam failure is a complex 
3D flow where detailed aspects of the breaching process can only be studied from non-
intrusive measurements. This work presents a set of image post-processing methods 
developed for results extraction from the data gathered in the failure experiments and 
evaluates the suitability of the methods in achieving these results. 

Keywords: experimental modelling, breaching process, imaging techniques, PIV and PTV. 

 

INTRODUCTION 

The experimental tests campaign on failure by overtopping of earth dams performed in a 
medium-scale facility located at the Portuguese National Laboratory of Civil Engineering was 
designed to: 1) estimate breach effluent hydrographs; and to 2) deepen the knowledge about 
the breach hydrodynamics during the failure process. Both of these goals were based on 
proximity measurements (data acquired near or at the breach section).  

To respond to the study’s’ goals several parameters had to be extracted from the acquired data 
as it is: i) the breach area; ii) the surface velocity maps; iii) 3D surface of the failed earth 
dams. All these parameters were obtained through image post-processing analysis gathered 
with a digital monitoring system specially designed for this purpose. Its layout was composed 
by two CCD video cameras, complemented by other three video records, including two digital 
HD video cameras and the use of one motion sensor that allows the reconstruction of the 3D 
embankment surfaces, previous and after the failure (Kinect Sensor). A mechanical dispenser 
of seeding particles (styrofoam beads), 3 floodlights and a high power laser were also part of 
the monitoring system layout. This digital monitoring system was fixed to be redundant, and 
therefore the five cameras were strategically placed to obtain overlay images so that all digital 
data could be related.  

Further details on the layout of the digital monitoring system and of its components, as well 
as on the image post-processing analysis used in the data treatment from the experiments on 
failure by overtopping of earth dams can be found in Amaral (2017). 

This paper presents all the optical techniques used in image analysis for the extraction of the 
breach area, the surface velocity maps near and at the breach section and for the 3D surface 
reconstruction of the failed earth dams. The adequacy of these optical techniques in extracting 
the referred parameters is also assessed. 
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RESULTS AND CONCLUSIONS 

The breach area was determined by two different approaches (transversal and radial). Both 
methodologies revealed good estimates of the breach area and they are an absolute novelty in 
this type of studies - Bento et al. (2017). Even so, some difficulties were encountered in the 
application of this method, as the limited reach of the laser sheet inside the flow (for water 
heights above the breach bottom higher than 6cm, the trace of the laser is no longer seen by 
the CCD video camera). 

Surface velocity maps near and at the breach section were determined by both Particle Image 
Velocimetry (PIV) and Particle Tracking Velocimetry (PTV) methods. PIV revealed to be 
useful in identifying flow tendencies, but insufficient to understand the relation between local 
variations of velocity vectors and the occurrence of sudden mass detachments from the earth 
dam body. In general, the PTV method revealed greater accuracy for this particular 
application allowing to relate flow hydrodynamics with the breach geotechnics. In fact, this 
had already been seen by Orendorff, et al. (2011), who refer that PTV techniques greatly 
enhance the amount of information that can be determined in the embankment breach tests. 

Kinect sensor was successfully used in the 3D reconstruction of the earth dam (Figure 1). 

    
Fig. 1 - Reconstruction of the surface of the failed earth dam. Left - failed dam; 

right - point cloud of the reconstructed dam morphology 
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ABSTRACT 

This work describes the design and long-time application of the mechanism for uniform 
vertical force adjusting of the hydro generator foot step support bearing. The system is 
installed at pumped storage hydro plant Ružín in Slovakia. The feature of the system is 
described and the static and dynamic measurements during bearing adjustments and hydro 
plant operation during several decades are presented, as well. 

Keywords: hydro-generator, axial force, axial bearing, support bearing, force adjustment. 

 

INTRODUCTION 

The hydraulic power plant Ružín was designed as pump storage device at the water dam on 
the river Hornád in eastern Slovakia. The production devices are formed from two hydro 
generators TG1 and TG2 in two- machine arrangement: motor - generator, turbine - pump, 
connected with fixed clutch. The vertical synchronous generators ŠKODA are equipped with 
closed-circuit cooling. The support bearing is combined with the leading one and is laid on 
the supporting cone supported with the turbine cover. The generator stator is positioned in the 
shaft. The generator support bearing is situated in one oil can underneath the rotor of the 
generator. The slide support bearing is twelve - segmented with reversed function and is 
equipped with high-pressure injection pump for start-up simplification. The outer diameter of 
the bearing is 1900 mm and the total loading from the rotating parts is 230 t. 

A special elastic system for vertical adjustment of the bearing was designed, which is 
presented in Fig. 1. Each guide block is supported with the thrust pin. The vertical position of 
the pin is controlled with the nut, supporting the pin. The nut is screwed to the thin-wall tube, 
hinged with its upper part on the stator body. The tube is acting as an elastic piece, just 
contributing to better distribution of the rotor mass to particular segments. The second role of 
the tubes is to measure this particular force. For this purpose, each tube was provided with 
two XY strain gauges against each other, just forming the load cell. Each strain gauge 
installation was covered with protected layer. The calibration of these cells had been 
performed before the stator assembly was done. The cables from each tube are led to the 
housing, situated outside the oil tank, which is provided with connector, enabling the 
connection with measuring unit. 

 

RESULTS AND CONCLUSIONS 

After each base repair or adjustment of the rotor position, the adjustment of the position of the 
leading segments has to be performed. In addition to this, the dynamic measurement of the 
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forces during hydro generator operation is measured an analysed during the first hours after 
start-up to ensure the proper distribution of forces is kept after the static adjustment. 

The static adjustment of the segments is made manually with the use of the adjusting nut at 
the lifted rotor in several steps. After each particular adjustment, the rotor has to be laid up 
and new measurement has to be performed. A special procedure for quick adjustment in small 
step was designed. In the end, the nuts are fastening with the bolt against releasing. 

An example of the weight distribution before and after adjustment at 12 segments S1 to S12 is 
presented in Fig. 2. The dashed line represents the situation before the adjustment and the 
solid one represents the final state. The weight distribution should be inside the 5% tolerance 
limit. 

More results including the dynamic tests will be obtained in full paper. The system has the 
full functionality over 15 years. 

 

               

Fig. 1 - System for bearing segment adjustment           Fig. 2 - Percentage segment weight distribution 
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ABSTRACT 

Nowadays glass is becoming more favourable material in a modern architecture, which has 
already changed its own meaning from filling material to material used for load-bearing 
structural elements. These elements are also able to transfer, apart from self-weight, dead 
load, snow or wind load as well as imposed load. While glass beams, staircases, floors are 
quite common, elements subjected to compression are still exceptional. This presented paper 
summarizes the results of experiments performed on glass columns with square hollow cross-
section to verify the actual global behaviour under axial compressive pressure, as well as the 
estimation of the compressive loading ratios leading to first cracks opening and columns 
collapse, respectively. 

Keywords: glass, column, adhesive, compression, buckling. 

 

INTRODUCTION 

Looking at the current architecture, there are a lot of examples of supporting glass structures 
such as beams, ribs, stairs and railings being subjected to bending. On the other hand glass 
columns subjected to compression are relatively rare despite the compressive strength of glass 
is significantly higher than its tensile strength. Insufficient knowledge about structural 
behavior of glass columns prevents greater use of these attractive structural elements. The 
load transmission from the floor or the roof to the compressed member is the main problem in 
case of glass columns. Any local irregularities may cause stress concentration peak or 
additional bending moments and thereby cause early failure of the element. Furthermore, 
there are insufficient information about global and local behaviour in compression in task of 
buckling, which means that glass columns are not used in practice more often. Glass column 
should also have high robustness against emergency situation or vandalism. It means that the 
design concept should consider the possibility of alternative load transfer from horizontal 
structures to other structures to avoid progressive collapse based on the breakage of one glass 
pillar. 

Typical linear behavior with brittle failure occurring suddenly without any warning and the 
effect of the load duration or glass surface conditions are typical for a glass. During the 
assessment, it is necessary to keep in mind also other influences like manufacturing tolerances 
(glass thickness), type of glass and relevant initial deformation and material properties of used 
interlayer in case of laminated glass.  

In the past few years, different experimental investigation, analytical and numerical research 
studies were performed to obtain fundamental knowledge about the structural behavior of 
glass columns with different cross-sections under compression, (Crisinel and Luible, 2004), 
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(Overend et al., 2005), (Foraboschi, 2009), (Amadio and Bedon, 2011). Performed tests were 
especially aimed to the rectangular cross-section and its structural behaviour under 
compression including verification and evaluation of the analytical models based on Euler’s 
buckling calculation that were derived for a monolithic and laminated glass.   

 

EXPERIMENTAL INVESTIGATION 

Within the research of glass structures taking place at the Faculty of Civil Engineering CTU 
in Prague, the experimental programme contains five test specimens of glass column. Three 
specimens were subjected to axial compression tested up to the collapse and two specimens 
were subjected to the impact test. There are illustrated only three specimens subjected to axial 
compression in this paper. Obtained experimental results were used for the modified 
analytical model verification.  

Description of test specimens 

The typical specimen was composed of four double-layered panes of annealed glass with 
nominal thickness t = 20 mm, length L = 3000 mm and width h = 150 mm. The thickness of 
glass panels were tpanels = 2 x 10 mm and the interlayer was PVB foil with thickness 
tPVB = 1 mm. The glass panels were bonded together at the corners with acrylic structural 
adhesive (type SikaFast®-5211NT) in order to obtain resistant square hollow cross-section, 
see Fig. 1a). To secure the thickness of the adhesive layers, special distance strips were used 
and installed in each corner, Fig. 1b). 

 

 

              (a) (b) 

Fig. 1 - (a) Cross-section of glass column, (b) Detail of adhesive joint 

Careful attention was paid to the detail of glass column connection with the bottom and the 
top supporting devices. In this part, it was necessary to provide the uniform normal force 
transfer into glass webs. The plastic pads with special shape were installed inside the hollow 
section to prevent direct contact between steel shoe and glass pane, see Fig. 2. These pads 
were designed from polyamide as two stage components to avoid potential torsion of cross-
section at the edges.  

Test set-up 

Experiments were focused on load bearing behavior of glass column under axial force. All 
test specimens, totally three, were continuously loaded by loading rate 200 N/s until the first 
crack to determine the level of the load bearing capacity. Each test specimen was then loaded 
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until collapse. To ensure the ideal boundary conditions at the bottom and the top part of the 
test specimen, steel shoe was supported by means of spherical bearing with diameter 60 mm, 
see Fig. 2a). Detail of the upper support is shown in Fig. 2b) and the whole test specimen is 
demonstrated in Fig. 2c). 

 

  
(a) (b) (c) 

Fig. 2 - (a) Detail of the bottom support, (b) Detail of the upper support, (c) test specimen of glass column 
 

The stress distribution on the glass surface was measured indirectly by 20 strain gauges 
LY11-10/120 during the tests. Strain gauges were placed symmetrically at the top, mid-span 
and bottom cross-section on each glass panel in horizontal direction (strain gauges labeled T2, 
T5, T7, T10, T12, T15 T17 and T20) and vertical direction (T1, T3, T4, T6, T8, T9, T11, T13, 
T14, T16, T18 and T19) with the position depicted in Fig. 3. Horizontal mid-span deflections 
were also recorded by four potentiometers (POT1 up to POT4), which were fitted on each 
glass panel.  

   

(a)                           (b) (c) 

Fig. 3 – (a) Top cross-section, (b) Mid-span cross-section, (c) Bottom cross-section 

 

Experimental results 

Results from the experiments are summarized in Table 1. The first cracks caused by lateral 
tension always appeared at the bottom part of the column above the steel shoe in vertical 
direction. Different normal force N1st magnitude was reached at the level of the first observed 
crack depending on the test specimen. No visible cracks were detected before the collapse in 
case of test specimen S2.4. Specimen S2.5 had lower value of N1st caused by different plastic 
pad material properties leading to earlier breakage as well as earlier column collapse. First 
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cracks also appeared at the bottom cross-section but there were detected more than one crack 
spreading from one point.  

Residual load bearing capacity was discovered by further overload. In this case, residual 
resistance means the ability of partially broken column to transmit additional load without a 
collapse. Columns were able to transfer submitted load until achieving normal force Nf,max, so 
the residual load bearing capacity can be calculated as the difference between Nf,max and N1st, 
see Table 1.  

Table 1 - Experimental results at first cracking and post-cracked stage 

Specimen First cracking 

N1st [kN] 

Post-cracked stage 

Nf,max [kN] 

Residual capacity 

∆N [kN] 

S 2.1 580.14 864.23 284.09 
S 2.4 - 856.66 - 
S 2.5 160.02 459.24 299.22 

 

ANALYTICAL MODEL 

Modified analytical model was based on the preliminary model used in the first set of 
experiments (Kalamar and Eliášová, 2015) resulting from the stability of real rod with initial 
imperfection, Fig. 4. Corresponding material properties were considered for every used 
material: for glass as Young´s modulus Eglass = 70 GPa and Poisson´s coefficient νglass = 
0.23, for plastic pad Young´s modulus Epad = 3.5 GPa and Poisson´s coefficient νpad = 0.39. 
The adhesive can be similarly described by Eadh = 660 MPa and νadh = 0.34. 

 

Fig. 4 - Simply supported column with initial and total deformation (Crisinel and Luible, 2004) 
 

It is not possible to include all geometrical and physical properties thus smalli simplifications 
had to be accepted. The most important simplifications can be summarized as follows: 

a) Cross-section along the entire length is considered as a rigid at the corners. 
b) Nominal thickness of laminated glass panels were replaced by effective thickness. 
c) All geometrical and material imperfection were considered in initial buckling shape. 
d) Only one direction of buckling was considered. 

Analytical solution for mid-span cross-section 

Real rod loses the stability before the force reaches the critical force Ncr. Simply supported 
column and the first shape of buckling can be described by differential equation (1)  

 0=⋅+′′⋅ wNwEI , (1) 
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where E is represented by the Young´s modulus Eglass and I is effective moment of inertia 
Iy,eff,w of the whole columns cross-section. This can be determined by equation (2) 

 ( )∑ ⋅+= 2
11 w,effw,effw,eff,yw,eff,y zAII , (2) 

where Iy1,eff,w is effective moment of inertia for single panel, A1,eff,w represents the effective 
area for single panel and zeff,w is the centroid distance. All cross-sectional characteristics can 
be solved by following equations: 

 3
1 12

1
w,effpanelw,eff,y thI ⋅⋅= , (3) 

 w,effpanelw,eff, thA ⋅=1 , (4) 

 ( )
w,effgluepanelw,eff, t.th.z 50501 ++⋅= , (5) 

where hpanel - is the the glass panel height (i.e. hpanel = 150 mm), teff,w - is the effective 
thickness replacing the nominal thickness of laminated glass panels for bending deflection 
calculation, (Draft prEN 16612). This simplification is based on the load duration and the 
effective transmission of shear forces between laminated panels, which was determined as  ω 
= 0.5. The effective thickness can be then expressed by following equation 

 ( )3 23 12∑ ∑ ⋅⋅⋅+= k i k,mkkw,eff tttt ω , (6) 

where tglue - is the thickness of adhesive layer (i.e. tglue = 3.0 mm). 

The initial deflection w0 in the middle of the cross-section can be determined as follows 

 20100 ,, www += , (7) 

where w0,1 represents the initial material imperfection and was determined as a Lpanel / 1250 
mm, w0,2 represents all geometrical imperfections which were in this case taken as Lpanel / 300, 
where Lpanel = 3000 mm. 

Maximum deflection w can be calculated from equation (8) 

 

crN

N

w
w

−

=

1

0 . (8) 

Ncr represents well known Euler´s critical force for the ideal column without initial 
deflections and the force can be obtained from equation (9) 

 
2
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cr
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Principal stress in the mid-span cross-section can be calculated by normal stress and 
additional bending strength combination. The principal stresses were in this analytical model 
calculated at the outer surface fibers by equation (10)  

 z
I

wN

A

N

,eff,y,eff,tot

,
′⋅

∆⋅
+=

σσ

σ 21 , (10) 

where Δw is the difference between maximum deflection w and initial deflection w0.  



Symposium-1: Experimental Mechanics in Design 
 
 

-1172- 

The effective moment of inertia of columns cross-section can be calculated by following 
equation  

 ( )∑ ⋅+= 2
11 σσσσ ,eff,eff,eff,y,eff,y zAII , (11) 

where Iy1,eff,σ is the effective moment of inertia of a single panel, A1,eff,σ represents the 
effective area of the single panel and zeff,σ is the centroid distance. All cross-sectional 
characteristics can be solved by following equations: 

 3
1 12

1
σσ ,effpanel,eff,y thI ⋅⋅= , (12) 

 σσ ,effpanel,eff, thA ⋅=1 , (13) 

 ( )σσ ,effgluepanel,eff, t.th.z 50501 ++⋅= , (14) 

where teff,σ - is the effective thickness for stress calculation replacing the nominal laminated 
glass panels thickness (Draft prEN 16612). The effective thickness can be determined as 

 
j,mj

w,eff

,eff
tt

t
t

⋅⋅+
=

ω
σ 2

3

. (15) 

Analytical model verification 

Analytical model was compared with experimental results of specimens S2.1, S2.4 and S2.5 
which were subjected to axial compression. Following figures represent force - stress relation 
with principal stresses measured by strain gauges in mid-span. Generally speaking, it can be 
seen that the model reflects the behavior until column collapse with safe reserve. Direction of 
the column buckling was determined on the basis of horizontal deflection measured by linear 
potentiometers. Force-stress relation in buckling direction is displayed in Fig. 5 where double 
dash-dot line represents principal stress which is increased by the effect of the bending 
moment and single dash-dot line represents principal stress which is decreased by the effect of 
the bending moment.  

 
Fig. 5 - Normal principal stress in main direction of column buckling 
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Force-stress relation in direction perpendicular to the buckling is shown in Fig. 6. Normal 
stress was determined without the effect of additional bending moment. Results of analytical 
model fit with the experimental data and can be considered as a safe design with higher stress 
level with regard to the real stress recorded by strain gauges. 

 
Fig. 6 - Normal principal stress in perpendicular direction to the column buckling 

 

Comparison of measured horizontal deflection in direction of column buckling with analytical 
results are displayed in Fig. 7. It concerns the mid-span cross-section. Test specimen S2.5 
reached the minimal load bearing capacity when the first crack was detected as well as the 
lowest force at collapse due to the unsufficient material properties of plastic pad. Test 
specimen showed greater horizontal deflection at the same time.  

 
Fig. 7 - Normal principal stress in perpendicular direction to the column buckling 

 

Discussion 

The analytical model above mentioned fits with the experimental data at the mid-span cross-
section in both directions and can be used for the preliminary estimation of column behaviour. 
More accurate model should be improved at the top and bottom part due to the lateral tension 
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and the local deformation of plastic pad at higher level of loading. The influence of adhesive 
connection between the glass panes and plastic pad should be also taken into account. 

 

CONCLUSION 

In this paper, experimental assessment of the structural performance of glass columns has 
been presented. The specimens were made from four double layered float glass panels with 
thickness 2x 10 mm and total length 3000 mm bonded at the edges into the hollow cross-
section. Three test specimens were totally tested and experimental results were discussed and 
compared in order to highlight their overall compressive behaviour and failure mechanism. 
Specimens were subjected to the axial force continuously increased until the collapse. All 
specimens had significant load bearing capacity that was established at the moment of the first 
crack observation. Partially damaged column also showed significant residual load bearing 
capacity, i.e. additional load transfer before the collapse. It was observed that the first crack 
occurred at the bottom parts above the steel shoe due to the lateral tension. Technical solution 
of the top and bottom support affected normal forces transfer from the steel support through 
the plastic pad into the glass panes and had appreciable influence on the load bearing 
capacity.   

Due to brittleness of the glass it is important to focus on details. Any imperfections can cause 
local stress peaks which may lead to premature breakage or absolute collapse. The choice of 
glass type has also the effect. Thermally improved glasses (toughened or heat strengthened 
glass) increased load bearing capacity but the residual capacity is almost negligible. 

 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the funding by Czech Science Foundation under grant 
GA 16-17461S. 

 

REFERENCES 

[1]-Crisinel M, Luible A. Buckling Strength of Glass Elements in Compression. Structural 
Engineering International 2/2004, p. 120-125. 

[2]-Overend M, Vassallo C, Camillieri K. The design, assembly & performance of glass 
columns. Conference proceedings of Glass Processing Days, Tampere, Finland, 2005, p. 287-
291. 

[3]-Foraboschi P. Laminated glass columns. Structural Engineer 2009; 87(18), p. 20-26. 

[4]-Amadio C, Bedon C. Buckling of laminated glass elements in compression. Journal of 
Structural Engineering, ASCE, 2011; 137(8), p. 803-810. 

[5]-Kalamar R., Eliášová M. Load Bearing Innovative Construction from Glass. In: The 2nd 
International Conference "Innovative Materials, Structures and Technologies". Riga, 2015. 
IOP Conference Series: Materials Science and Engineering. 

[6]-Draft prEN 16612 Glass in Buildings - Determination of the load resistance of glass panes 
by calculation and testing. CEN, 2013. 



Proceedings of the  7th International Conference on Mechanics and Materials in Design, 
Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 
Publ. INEGI/FEUP (2017) 

-1175- 

 
PAPER REF: 7081 
 
 

INVESTIGATING BULGE CORRECTION IN THE CONTOUR 

METHOD FOR RESIDUAL STRESS MEASUREMENT OF A 

COMPACT TENSION WELD SPECIMEN 
 
Beverly Stewart

1(*)
, John Bouchard

1
, Michael B Prime

2
, Foroogh Hosseinzadeh

1
 

1School of Engineering and Innovation, The Open University, Milton Keynes, MK76AA, UK 
2Los Alamos National Laboratory, Los Alamos, NM 87585, US 
(*)
Email: Beverly.Stewart@open.ac.uk 

 
 
ABSTRACT 

In this study the published iterative finite element (FE) bulge error correction procedure 
(Prime, 2011) was applied to a compact tension (CT) weld specimen that appeared to show 
bulge error in the measured residual stress results made by the contour method. The corrected 
contour stresses demonstrated that the bulge error could have significant effects on reliable 
measurements made using the contour method. 

Keywords: residual stress, finite element method, contour method, bulge error. 

 

INTRODUCTION 

Like other mechanical strain relief techniques the contour method assumes that the relaxation 
of residual stress during the material removal step is purely elastic. However, there is an 
assumption unique to the contour method; that is producing a cut with a uniform width. In 
practice a deviation from this cutting requirement, referred to as the bulge error or elastic 
bulging (Prime, 2011), violates the assumption that a constant amount of material is removed 
during cutting. As cutting proceeds, the stresses in the material continually change and cause 
the material at the cut tip to deform i.e. stretch or contract. The cutting wire diameter is fixed, 
which means that the width of material removed has changed. Bulge errors tend to show a 
shift in stress distribution towards the origin of the cut along with reduced peak stresses. 

To correct for the bulge error Prime proposed using a two dimensional (2D) finite element 
(FE) model in ABAQUS to apply the initially calculated residual stresses and simulate the 
cutting process. The deformation at the cut tip can then be estimated for each cutting 
increment and used to correct the initially measured contour data. The cutting simulation is 
performed several times until a converged stress solution is reached. 

In this research the procedure described above is applied for a CT weld specimen that 
appeared to show bulge error in the contour method residual stress results. However, a three 
dimensional (3D) FE model is used for calculating the bulge error which is a more reliable 
and robust approach (Kapadia, 2017). The CT specimen consisted of a manual metal arc 
(MMA) weld and an extension piece made from Esshete 1250 which was attached with an 
electron beam (EB) weld (Traore, 2012) as shown in Fig 1. The previous work on this 
specimen involved characterising the distributions of transverse residual stress along the 
measurement line plane measured by neutron diffraction, incremental slitting and contour 
method as shown in Fig 1. The peak transverse residual stress measured by the contour 
method was lower than the neutron diffraction measurement by 19MPa (3%) and a slight shift 
in the location of the tensile peak towards the CT specimen front face was observed. 
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Fig. 1 - C (T) weld specimen with the measurement line and transverse residual stress measured by neutron 

diffraction, slitting and the contour method. (Traore, 2012) 

 

RESULTS AND CONCLUSIONS 

The distribution of transverse stress measured using different techniques for a line profile at 
mid-thickness of the sample is presented in Fig. 2. The initially measured stresses using the 
contour method are corrected for the bulge error and are also shown in Fig. 2. A converged 
stress solution was reached after three iterations. The peak tensile stress was increased from 
617MPa to 743MPa (~20%) and slightly shifted towards the back face. 

 
Fig. 2 - Comparison of initially measured stresses with corrected contour method results. 

. 
The bulge error can have significant effects on reliable measurements made by the contour 
method. An iterative FE correction procedure is time consuming and 3D modeling is required 
in most engineering cases. Further investigating is being carried out within the scope of this 
PhD research and will be published for an alternative approach to estimate and correct for the 
bulge error. 
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ABSTRACT 

The standard contour method is limited to sectioning test components into two symmetric 
halves. In this study a new approach is developed to deal with asymmetric cuts in the contour 
method of residual stress measurement. The proposed approach is demonstrated using finite 
element (FE) simulations and is validated experimentally using a series of asymmetric 
contour cuts and neutron diffraction measurements. 

Keywords: residual stress, finite element method, neutron diffraction measurement, the 
contour method. 

 

INTRODUCTION 

The implementation of the contour method (Prime & DeWald, 2013), (Hosseinzadeh, Kowal, 
& Bouchard, 2014) comprisescutting the test component in two parts. The created cut 
surfaces deform as a result of stress relaxation. The out-of-plane displacement of the cut 
surfaces is measured and used to back-calculate the original residual stresses acting normal to 
the cut plane that were present in the component prior to the cut. Like any other techniques, 
there are assumptions and limitations associated with the contour method one of which is that 
the test component must be sectioned into two symmetric halves about the cut plane. This 
limits the application of the contour method to simple geometries and the range of locations in 
a component over which contour method measurements can be made.  

In the present work a new approach was investigated to deal with analyzing the measured 
displacements and back calculating the residual stresses when asymmetric cuts are used for 
the contour method. First, finite element analysis was employed to design a suitable and well-
defined benchmark test specimen, simulate the entire contour method process on the 
benchmark test specimen using asymmetric cuts and demonstrate the proposed approach.  

The designed benchmark test specimens were manufactured.  A series of asymmetric cuts 
were conducted on the benchmark test specimens for contour method measurements. The 
measured stresses using the new proposed approach for asymmetric contour cuts were    
validated by neutron diffraction measurements.  

 

RESULTS AND CONCLUSIONS 

The benchmark test specimen used in this study was a 200 mm x 250 mm x 6mm plate made 
with bright steel (designated in British Standard BS 970:1991), autogenously laser welded 
along a 60 mm x 1 mm slot (Fig. 1a). The FE prediction of the initial residual stress state, 
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weld induced residual stresses, is presented in Figure 1 (b). Figure 1 (a) shows the cut plane at 
25 mm from the weld center line. The stresses acting normal to the cut plane in transverse 
direction are of interest and will be measured with the contour method.  

 
Fig. 1 - The benchmark test specimen, a laser welded plate showing the location of the measurement / cut line. 

Dimensions are in mm. 

The results of neutron diffraction measurements conducted on the benchmark specimen show 
an excellent agreement with the FE predicted stresses (Figure 2 (a)). The constructed FE 
model for the benchmark specimen was then used to simulate the entire contour method 
procedure. The extracted out-of-plane displacements were used to develop a new data analysis 
and back-calculation of residual stress approach for the contour method using asymmetric 
cuts. Figure 2 (b) shows that the FE reconstructed contour stresses match closely with the FE 
predicted weld induced stresses with a root mean square (RMS) error less than 1%.  

 
Fig. 2 -  (a) Comparison of neutron diffraction stresses with FE predicted stresses, (b) comparison of FE 

predicted stresses with FE reconstructedcontour stresses. The stress distributions are shown for a line 
profile at mid-thickness of the plate. 
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ABSTRACT 

In this study, modelling techniques based on new extended finite element methodologies for 

the study of fracture, in general, and delamination in composites, in particular are presented. 

Recent approaches have successfully modelled fracture without the need of continuing 

refinement of the finite element mesh. This is an outstanding advantage in terms of reliability 

and computational cost. Details of the initiation criteria and evolution of a crack are provided. 

It is argued that the strategies presented herein would appeal to the engineering practice as 

reliable techniques for structural integrity assessment of novel designs. The results are 

validated against data from the literature showing the robustness and accurateness of the 

techniques presented. 

Keywords: fracture, delamination, finite elements, crack, damage, structural integrity, 

structure, engineering materials. 

 

INTRODUCTION 

The standard Finite Element Method (FEM) is beaten in terms of computational cost on the 

assessment of fracture problems if it is compared to novel numerical methods. This is due to 

the huge cost derived from re-meshing to track the crack paths with FEM. Thus, relatively 

novel methodologies based on the extended Finite Element Method (XFEM) or the most 

novel Extended Isogeometric Analysis (XIGA) have reduced significantly re-meshing and, in 

many cases, there is no need of remeshing. Extended finite element strategies embed within 

Heaviside functions for modelling explicitly the discontinuity associated to material cracks. 

Therefore, cracks are modelled as an effective jump in the displacement field. This feature is 

shared by both XFEM and XIGA. Moreover, functions for the representation of the singular 

stress field ahead of the crack tip are easily integrated. For instance, trigonometric polar 

functions are used for the approximation of the stress singularity at the crack tip, see Curiel-

Sosa and Karapurath (2012). These types of functions are called, in general, enrichment 

functions.  

Singularity at the crack tip is appropriate for linear elastic materials. However, for the case of 

nonlinear materials the singularity vanishes and, hence, there is no need of using such 

trigonometric polar functions for enhancement of the computations. In addition, for the case 

of delamination in composites, the bimaterial interface affected has a special stress field ahead 

of the crack tip. In such case, special enrichment is necessary for enhancing accurateness. The 

issue of mesh-dependency in the computation of damage is discussed as this is a major burden 

to show reliability on the simulation of complete failure in a composite structure. The removal 
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of re-meshing guarantees a significant reduction of computational time as well as a more 

reliable tracking of the crack paths. This is indeed an advancement that engineering practice 

will arguably absorb straightforwardly. 

 

RESULTS AND CONCLUSIONS 

Evidence of the robustness and accurateness of the strategies is shown through several 

benchmark problems and results of interest. This included the following: 

- Dynamic Freund problem: computation of stress intensity factors associated to a stress wave 

travelling through a cracked plate. The results are compared with the analytical solution 

showing close match but affected by small oscillations linked to the explicit solver used. 

- Cross-ply laminate subjected to progressive transversal crack:  the energy release rate (ERR) 

is computed and compared to values obtained with classical finite elements, analytical and 

with the Boundary Element Method (Tafazzolimoghaddam & Curiel-Sosa, 2015). The J-

integral is considered for the computation of ERR. 

- Cross-ply laminate with transversal cracks and delamination (Navarro-Zafra, Curiel-Sosa & 

Serna Moreno, 2016). Delamination was triggered when the transversal cracks were getting 

closer -and in almost perpendicular direction- to the interface  

- Onset and progression of cracking on parts obtained by selective laser sintering process: it 

was found that crack occurred invariably between the two closest un-melted particles (Ibbett 

et al, 2015). A range of tests are presented to show evidence of this as well as the effect of un-

melted particles over the crack direction. 

- Isogeometric analyses and simulation of cracks associated to creep. 
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ABSTRACT 

This work deals with the use of a Gaussian Hyper model to recover the interface thermal 

contact conductance between two materials within the Bayesian framework. Such function is 

assumed to be piecewise smooth with discontinuities of unknown location and size. In this 

work, we propose the use of a Gaussian smoothness prior, where the scaling parameter 

appearing in the prior was treated as an unknown hyperparameter. This parameter was 

estimated as part of the inference problem in a hierarchical model, with a hyperprior density 

in the form of a Rayleigh distribution. The feasibility of the approach was evaluated with 

simulated temperature measurements. 

Keywords: Gaussian hypermodel, hyperparameter, thermal contact conductance, infrared 

thermography. 

 

INTRODUCTION 

The use of infrared thermography and other non-intrusive techniques are of great importance 

in many areas, such as electronics, telecommunications, aviation, defense, and oil industries, 

among many others. Abreu et al. (2014) showed that it is possible to estimate the location of 

contact failures between the layers of a laminated composite by solving an inverse heat 

conduction problem using thermographic images as input data. In this context, a heat flux is 

imposed on one surface of the composite material, while temperature measurements are 

obtained on the same surface, through an infrared camera, in a non-intrusive manner. By 

using the measured temperatures, the thermal contact conductance between the layers can be 

estimated (Colaço and Alves, 2013; Abreu et al., 2014; Abreu et al., 2016; Padilha et al., 

2016), which can provide a quantitative analysis of the failures on interface.  

This problem was investigated previously by the authors (Abreu et al., 2014) using a total 

variation prior information, which is suitable for piecewise regular solutions with sparse 

gradients (Kaipio and Somersalo, 2005). However, this prior information involves an 

additional parameter that needs to be specified for the application of Markov Chain Monte 

Carlo Methods (MCMC). The specification of a value for such parameter is a difficult task 

that can be accomplished by running several numerical experiments. Appling the MCMC 

method, this work proposes the use of a Gaussian smoothness prior where the scaling 

parameter appearing in the prior can be treated as an unknown hyperparameter and estimated 

as part of the inference problem in a hierarchical model, with a hyperprior density in the form 

of a Rayleigh distribution (Kaipio and Somersalo, 2005; Calvetti and Somersalo, 2007; 

Calvetti and Somersalo, 2008).  
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PROBLEM FORMULATION AND SOLUTION METHODOLOGY 

Consider a plate composed of two layers subjected to convective heat losses at the surface Γoo 

and where a heat flux is applied. The opposite surface, Γo, is subjected to convective heat 

losses (see Fig. 1) and at the interface between the layers, Γc, we consider a spatially 

distributed contact resistance by defining a contact conductance. 

 

 

Fig. 1 - Geometry for a two-dimensional composite medium. 

 

The plate is assumed to be initially at a uniform temperature, the heat transfer through the 

lateral surfaces, Γ1 and Γ2, are supposed negligible and the physical properties of each layer 

are assumed homogeneous and not dependent on temperature. The dimensionless 

mathematical formulation of this physical problem is given by (Ozisik, 1993): 
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This direct problem was solved by using a hybrid analytical-numerical approach, using the 

same code used in Abreu et al. (2014), which is based on the Generalized Integral Transform 

Technique (GITT) and finite-differences (Cotta, 1993; Anderson et al., 2013). 

 

INVERSE PROBLEM 

In this work the objective is to analyze and compare the performance of the Markov chain 

Monte Carlo (MCMC) method used in Abreu et al. (2014), where the Total Variation (TV) 

prior information was used, with an approach using a Gaussian Smoothness prior density. For 

this last prior density, the parameters are not fixed, but can also be estimated as part of the 

inference problem in a hierarchical model. This approach cannot be made when the Total 

Variation priori information is used, besides the fact that the specification of a value for such 

parameter is a difficult task that, in general, can only be accomplished by running several 

numerical experiments (Calvetti and Somersalo, 2007; Calvetti and Somersalo, 2008). 

The quality of the adhesion at the interface between two materials can be indirectly analyzed, 

using the information about the Biot at the interface, Bic(X,Y), which is a nondimensional 

representation of the thermal contact conductance (TCC). The TCC value tends to zero in 

surface regions where the contact is not perfect and its value is large in regions with perfect 

contact. For the cases studied here, the dimensionless thermal contact conductance was 

adjusted to be near 20 on regions with perfect contact. So, the inverse problem is defined by 

the identification of the Bic(XI,YJ) on a discrete superficial grid points XI and YJ, where XI = 

I∆X, YJ =J∆Y, I = 1, …, If, J = 1, …, Jf, and with grid spacing given by ∆X = A/If and ∆Y = 

B/Jf. So, consider the vector of unknown parameters (Abreu et al., 2014): 
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c c cMBi Bi Bi=P   (3) 

 

We suppose that some temperature measurements are available on surface Γoo. Considering 

that the vector containing the measured temperatures is written as: 

 ( )
max1 2, , ... ,T

kY Y Y=Y
r r r

  (4.a) 

where kY
r

contains the measured temperatures of each of the M grid elements at time tk, k = 1, 

…, kmax, that is,  

 ( )1 2, , ... ,k k k kMY Y Y Y=
r

  (4.b) 

we have Nmeas = (M∙kmax) measurements in total. By the use of the Bayes’ theorem, the new 

information (measurements) is combined with the previously available information (prior). 

Considering the Bayes’ theorem (Kaipio e Somersalo, 2005): 
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where πposterior(P) is the posterior probability density, π(P) is the prior density, π(Y|P) is the 

likelihood function and π(Y) is the marginal probability density of the measurements, which 

plays the role of a normalizing constant. In this work we considered Gaussian smoothness 

priori information (Kaipio e Somersalo, 2005; Orlande, 2012): 
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where ||.|| denotes the L2 norm. The constant γ is a parameter associated with uncertainties in 

the prior and P is a reference value for P% . The matrix D is such that each line of D(P−P) 

involves the parameter corresponding to that line and its neighbors (Kaipio and Somersalo, 

2005; Calvetti and Somersalo, 2007; Mota et al, 2010; Orlande, 2012). In this work we wrote 

this matrix as: 
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The parameter γ appearing in the prior function in equation (6.a) is treated as hyperparameter, 

and it is estimated as part of the inference problem in a hierarchical model (Kaipio and 

Somersalo, 2005). The hyperprior density for this parameter is taken in the form of a Rayleigh 

distribution.  

By assuming that the measurement errors are Gaussian random variables, with zero means 

and known covariance matrix W and that the measurement errors are additive and 

independent of the parameters P, the likelihood function can be whiten like a Gaussian 

multivariate function (Kaipio e Somersalo, 2005; Orlande, 2012; Abreu et al., 2014). 

Therefore, the posterior distribution information can be written as: 
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where γo > 0 is the center point of the Rayleigh distribution (Kaipio and Somersalo, 2005). 

This value is obtained from some empirical tests. 

 

RESULTS 

In this work, we considered the same materials and properties used in Abreu et al. (2014), in 

order to compare the results with a previous implemented method. A heat flux of of 25 

kW/m
2 

was applied at the top surface. The materials considered for the layers were titanium (k 

= 21.9 W/mK and α = 9.32 ×10
-6

 m
2
/s) and epoxy with graphite fibers - 25% vol (k = 0.87 

W/mK and α = 0.66 ×10
-6

 m
2
/s).  

Simulated measurements with a standard-deviation of 0.05 
o
C are used in the inverse analysis 

to recover the square contact failure showed in results and the inverse problem was solved 

with a Markov chain Monte Carlo (MCMC) method implemented through the Metropolis-

Hastings’ algorithm (Kaipio e Somersalo, 2005; Orlande, 2012; Abreu et al., 2014). The 

measurements were assumed available with a frequency of 10 Hz and the duration of the 

experiment was taken as 10s. 

A result for a typical case where the thermal contact conductance varies spatially is shown in 

Fig. 1.a, for a test case where there is a failure in the region between the dimensionless 

positions 3.5 < X < 5 and 3.5 < Y < 5. The values obtained for the estimated function in these 

places go to zero, and represents lack of contact between the layers. For the contact region, 

the dimensionless thermal contact conductance is more than 12.  
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Considering P* as the candidate point and P
(t−1)

 as the current state of the Markov chain, the 

proposal density for all results was taken as
* ( 1) (2 1)t w−= + −P P U , where w = 0.05 and U is a 

vector of random numbers uniformly distributed in (0,1), (Abreu et al., 2014).  

Figure 1.b represents a histogram of the hyperparameter estimate by using the proposed 

approach. With this value, Figure 2.a shows that the acceptance ratio and the Markov Chains 

have a faster convergence to equilibrium state than using traditional approaches. The Figure 

2.b shows the convergence of the Markov Chain for the hyperparameter, using a random walk 

like proposal for γ. The centre point for the Rayleigh distribution was γo = 0.05. 

 

 
(a) (b) 

Fig. 1 - Tensile test results 

 

The acceptance ratios of the proposed states in the Markov chains ranged from 30% to 40% 

for the case studied here and the Markov chains were simulated with 30000 states. The burn-

in period was taken as the first 10000 states for the result using the proposed new approach 

and the Fig. 2 revel that there not convergence for traditional approach with 30000 states. For 

the case examined, a perfect contact was assumed for the initial states of the Markov chains in 

the whole interface, using Bic=15, while the exact value used for the perfect contact was 

Bic=12 to generate the simulate measurements. 

 

(a) (b) 

 

Fig. 2 - States of the Markov chains for the failure point at X=4, Y=4 and for contact point at X=8, Y=8. 
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CONCLUSIONS 

This study shows that there is a substantial improvement when it is possible to estimate the 

hyperparameter, because the acceptance ratio is automatically adjusted in this approach. 
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ABSTRACT 

This paper describes a project to mitigate risks in seaport operations and container terminals 
using bow tie methodology. Port and terminal projects and operations are exposed to a 
complex and changing range of risks. An evolving, and often unique, risk profile requires a 
balanced strategy to address risk mitigation. Such a strategy would include risk through the 
use of traditional insurance policies, together with innovative solutions tailored to the specific 
requirements of the client. 

Keywords: risk management, bow tie method, seaport operations, container terminal. 

 

INTRODUCTION 

Often, risk management is seen as reactive, even worse, nonresponsive. This is a mistaken 
view. The risk management systems that have been conceived since the beginning of the 
1990s, regardless of the stamp, the structure, the hue, the school - whether Dutch, American, 
English, Canadian, Italian, Australian, Indian, Latin American, Brazilian, all have a common 
trait: to work with methodologies and methods proactive and structured in relation to threats 
and opportunities, having as a fulcrum a clear understanding of the powerful nature of the 
systemic, qualitative and quantitative approaches to risk management. 

This instrument seeks to facilitate the internal communication of companies through the use 
of a common language and a consistent system of management, promoting the achievement of 
the main objectives of Risk Management, among which: making risk management an integral 
part of the Container Terminal business; Support the management of the terminal owner in the 
rendering of accounts of its action before society and the local community; Strengthen the 
ethical base, credibility and image of the organization and, lastly, minimize risks, capital and 
operating costs, labor and environmental liabilities. 

 

METHODOLOGY 

The bow-tie method [1] provides a readily-understood visualization of the relationships 

between the causes of business upsets, the escalation of such events, the controls preventing 

the event from occurring and the preparedness measures in place to limit the business impact. 

Bow-ties originated as a method for assessing hazards and operational risks, although the 

exact origins of the methodology are a little hazy. The earliest mention appears to be in an 

Imperial Chemical Industries training course from 1979. Undoubtedly, the Royal Dutch/Shell 
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Group was the first major company to fully integrate the bow-tie method into its business 

practices and is credited with developing the technique which is widely used today. The 

primary motivation was to seek assurance that fit-for-purpose risk controls were consistently 

in place throughout all operations worldwide. Use of bow-ties has subsequently spread 

between companies, industries, countries and from industry to regulator, and their application 

has been extended to embrace all risks, for example financial, strategic, security, quality, 

business interruption, political, human resources, design and project risks. The possibilities 

are endless. The method for building a bow-tie diagram involves asking a structured set of 

questions in a logical sequence to build up the diagram step by step. The completed bow-tie 

diagram illustrates the hazard, its causes and consequences, and the controls to minimize the 

risk.  

 

RESULTS AND CONCLUSIONS 

The overall expected results for this study case (project) are the following: 

- Container terminal risk to residual 

- Develop actions in the design process that will bring the state of the art container 

terminal at the residual level. 

- Greater Operational Availability 

- Avoiding operational stops at the risk of generating unwanted events. 

- Minimizing consequences through the development of Recovery Plans and Scenario 

response Plans 

- New recipes / New loads 

- Creating new skills in the operation of special / specific loads and today not operated 

- Hazard and hazard mapping for potential or already operated loads 

- Reduction Costs 

- Developing business opportunities based on the new state of the art of residual risk 

- Reduction of insurance 

- Commitment to Sustainability 

- Analysis, identification, treatment of risks associated with the environment and local 

community 

- Best Image and Preserved Image 

- Avoiding undesirable events that would cause image damage. 

- Communicating community-based efforts to control operational risks. 
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ABSTRACT 

An online monitoring could be a support to condition based maintenance system. On online 
monitoring two stages can be considered: at first we should decide which equipment or 

component are important to study and the system of data collection, and at second stage the 
methodology for the data treatment should be established. Because there is lack of data for the 
equipment under study the non-dimensional Quensenberry (Q) Modified Control Charts will 
be applied. The equipment under study is a diesel generator engine. A parameters database 
will be built with the temperature of cool water and lube oil data collection. This technique 
will allow knowing the equipment state online and at the instant of observation. So it will 
allow an early detection of a probable failure even with the lack of data. 

Keywords: control charts, Quensenberry, condition maintenance, online monitoring. 

 

INTRODUCTION 

There are various maintenance management systems that can be applied to preserve the 
equipment operability. In this article condition based maintenance (CBM) based on an online 
equipment monitoring will allow the right intervention at the right moment. The Statistical 
Equipment Control (SEC) can be used to control equipment stability. In this article a modified 

Quesenberry control chart (Q), or short run control chart, will be used to put in practice an 
online equipment monitoring. When the data is insufficient to estimate the equipment 
parameters, because the results are not reliable, we propose the Q charts to condition 
monitoring considering the X characteristic continuous which is transformed on Q.  

 

METHODOLOGY AND RESULTS 

The Q characteristic on instant r is: 
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Because the equipment under study was in good functioning condition when the data was 
collected, we will simulate data with anomaly on MATLAB and then apply the modified Q 
control chart. A possible methodology using the Q charts can be as shown in figures 1 and 2. 

Applying the described methodology, observing the Q chart we can see that on observation nr 
20 we need an investigation on the system, because 5 consecutives observations were above 
the AL, and on 25 observation we need and intervention procedure. 
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Fig. 1 - Methodology to apply Q charts 

 

 

Fig. 2 - Modified Q Charts apply to diesel generator - cool water sensor 

 

CONCLUSION AND RECOMMENDATION 

By applying these charts we can monitor the system or equipment sense the first moment. 

This study shows that online condition is probably possible to be applied to diesel generators 

using the short run control charts to data statistical treatment. By applying this statistical 

methods may allow the cost maintenance decrease. Applying these charts can be considered a 

first method, when it is possible, charts with two phases should be applied. 
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ABSTRACT 

The recently developed ultrasonic computerized complex (UCC) for non-destructive 

measurement of residual and applied stresses includes a measurement unit with transducers 

and basic supporting software. The developed system allows measuring the RS either 

averaged through thickness or in surface or subsurface layers and displaying the results in a 

form of a continuous curve on the screen of the instrument. The present version of UCC 

allows measuring the averaged through thickness biaxial RS in plates 2 - 150 mm thick and 

surface/subsurface RS at the predetermined depth. Additional features of the system allow 

measuring also the Yong Modulus and Poisson ratio as well as the thickness of material. The 

paper will include new information on recent updates to the system and will present examples 

of stress measurements in large scale welded specimens and structures. 

Keywords: residual stresses, non-destructive measurements, ultrasonic method. 

 

INTRODUCTION 

One of the promising directions in development of non-destructive techniques for residual 

stress measurement is application of ultrasound. Ultrasonic stress measurement techniques are 

based on the acousto-elastic effect, according to which the velocity of elastic wave 

propagation in solids is dependent on the mechanical stress. The relationships between the 

changes of the ultrasonic velocities under the action of tensile and compressive external loads 

in different materials are different and are used for evaluation of the stresses in materials. 

 

RESULTS AND CONCLUSIONS 

The major parts of the Ultrasonic Computerized Complex (UCC) for residual stress analysis 

(Fig.1) that was developed recently based on an improved ultrasonic methodology [1-3] 

include a measurement unit with supporting software (1 in Fig.1), a preamplifier (2a in Fig.1) 

with a magnetic (2b in Fig.1) or mechanical holder and interchangeable transducers (3 in 

Fig.1). For selection of the appropriate reflected wave and tuning in manual mode an 

oscilloscope (4 in Fig.1) is used. The UCC allows determining uni- and biaxial applied and 

residual stresses for a wide range of materials and structures. An example of residual stress 

measurement in a large-scale welded panel (YS=360 MPa, UTS=470 MPa) in as-welded 

condition and during the fatigue loading of the panel is shown in Fig. 2. The objectives of the 

study were to identify the residual stress distribution and relaxation in specimens with welded 

longitudinal attachment and welded panel that represent large scale models of ship structural 

detail, and compare the results of experimental and numerical analyses. 
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Fig. 1 - Ultrasonic Computerized Complex for residual and applied stress measurement. (1) - Measurement 

unit with supporting software, (2a) - Preamplifier, (2b) - Magnetic holder, (3) - Transducer, (4) - 

Oscilloscope, (5) - Sample. 

 

During the fatigue testing, the residual stresses were measured after 1, 2, 10 and 2010 

cycles of loading. Figure 2 illustrates the distributions of the residual stress in the large-scale 

welded panel near the weld that is critical from the fatigue point of view in as-welded 

condition and after 2010 cycles of loading. Good coincidence was found between the 

measured and calculated values.  

 
Fig. 2 - The distributions of residual stress in large-scale welded panel near the weld that is critical from the 

fatigue point of view in as-welded condition and after 2010 cycles of loading. 
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ABSTRACT 

This article deals with an approximate analytic solution of nonlinear vibrations spherical 

shallow shells made of functionally graded materials (FGM) under the temperature loading. 

The thickness is depends on the time. The material properties are changed in the thickness 

direction according to the power law distribution. The governing nonlinear differential 

equation with variable in time coefficients describes the effect of temperature on the dynamic 

behaviour of the shell, is solved on the basis of hybrid asymptotic approximation using 

perturbation methods and phase integrals (WKB method). The comparison of the results for 

numerical integration of the initial equation with the proposed approximate analytical solution 

is given. 

Keywords: asymptotic approximation, nonlinear dynamic problem FGM shallow shells, time 

dependent parameters. 

 

INTRODUCTION 

Thin walled structures made of functionally graded materials (FGM) with metal inner surface 

and ceramic in outer surface are widely used, for example, in modern air-space systems, 

shipbuilding, electronics and other fields of science and technology. The attention to them is 

increasing because of flexibility in design to have desired strength and durability.  

FGMs belong to the class of composite materials in which the material properties are 

changing in the thickness direction or discontinuous as a stepwise gradation of the material 

constituents (Dao Huy Bich; 2012). Composite shell structures which are used for modern 

flying apparatus undergo large deflection and/or static and nonlinear dynamic external 

mechanical and temperature loading (M. Darabi, 2008). That is why it is important to take 

into account the geometrically nonlinear effects to ensure more accurate structural analysis 

and design. In recent years, important studies about vibration and stability of FGM plates and 

shells under static, dynamic loading and in high temperature environment have been carried 

out, with using mostly numerical approaches and just few ones deal with asymptotic 

approaches because of the difficulties in numerical calculations. 

The present work deals with an approximate analytical solution of nonlinear dynamic problem 

of FGM imperfect shallow shells based upon the von Karman theory for moderately large 

normal deflections with time dependent parameters. The governing nonlinear 

nonhomogeneous singular differential equation with variable in time coefficients describes 

the effect of temperature on the dynamic behavior of the shell, is solved using combination of 

perturbation and phase integrals method. 
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We have obtained an approximate analytical solution for the governing equation. The 

comparison of results from numerical integration of the initial equation with approximate 

analytical solution is given. 

 

RESULTS AND CONCLUSIONS 

The comparison of solutions showed, for some parameters of structure, analytical solutions 

are in a good enough correlations with direct numerical simulation of initial nonlinear 

differential equation with variable in time coefficients. 

 

Fig. 1 - Comparison of numerical and analytical solution 

 

Further investigations will be devoted to analyze the nonlinear dynamic behavior of complex 

shape FGM shell including temperature effects.  
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ABSTRACT 

The honeycomb type material is one of composite materials. This type of material consists of 

core which is 3-dimansional structure having a form of combined hexagonal cells like the 

structure of honeycomb. Each side of the core is covered by layers of different material. These 

composite materials were mainly used in aircraft industry at first but they are also used in 

following domains now: aerospace, marine, automotive, railways, medical, architectural, 

electronic engineering, pharmaceutical, food and sport-recreation. These materials can be 

made both from metal and non-metallic materials. Typical defects are: faults like cracks, 

destruction in covering layers, destruction of core and separation of covering layers from core. 

In the past years, terahertz (THz) technology has received more interest and attention because 

of its unique properties and capabilities that make it very attractive as a non-destructive 

evaluation (NDE) tool (Redo-Sanchez, 2006). Most items consisting of dielectrics like plastic, 

glass fiber reinforced plastics (GFRP), ceramics and certain composites (e.g. GFC) are 

transparent for THz waves, whereas, metals and other conducting materials such as carbon 

fiber reinforced plastics (CFRP) are not transparent for THz waves (Ewers, 2010, Jonuscheit, 

2010). 

This paper presents a comparison results from Terahertz (THz) and IR imaging for non-

destructive testing non-metallic composites. The research was carried out by both 

transmission and reflection mode.  Advantages and limitations of these methods are 

discussed. 

Keywords: nondestructive testing, IR thermography, terahertz imaging, honeycomb 

composite 

 

INTRODUCTION 

Composites are a group including a variety of modern construction materials with special, 

often extreme, properties. They are formed by combining components that differ greatly in 

their characteristics, and therefore contain defects more often than other materials. These 

defects can arise during either their manufacture or use (Kurzydłowski, 2005). 

Interest in composites results from two important factors. Firstly, they have excellent 

mechanical strength and, on the other hand, their low weight is of paramount importance for 

structural applications. 

During their use, composites can be exposed to large stresses; these can include high 

humidity, aggressive chemicals (acid rain), and physical attack (ultraviolet light). Such 

stresses cause damage to the composite structure. 
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Microcracks are a type of defect that can be difficult to detect. The presence of moisture or 

water in the cells of a honeycomb-type composite (Fig.1) with no visible external damage  

proves that microcracks are present in the composite. Therefore, the detection of traces of 

moisture and water inside the composite structure is one method of non-destructive testing. 

 

 

Fig. 1 - Structure of honeycomb composite made by Wxyiming 

 

TESTING METHODS 

One of the most effective and widely used methods of NDT of composites is infrared 

thermography. 

NDT procedures using infrared thermography can be divided into passive and active methods. 

In the passive method, the object of study is characterized by a temperature field created 

during ordinary functioning. Therefore, passive procedures are primarily used for the non-

destructive testing of devices or their components during operation or shortly after, when 

excessive differences in the temperature distribution on the surface of the examined object 

may indicate the presence of defects. As a result of mechanical or thermal loads, defects 

radiate or absorb heat, so they can be diagnosed and identified by passive methods. 

Active procedures use a source of thermal stimulation (heating or cooling) of the object. 

Defects in materials that have a uniform temperature equal to the ambient temperature before 

testing do not generate "useful" temperature signals, and for this reason require heating or 

cooling of either the whole object or a part of it. In doing so, a dynamic temperature field is 

created, and the results of its distribution depend on the observation time. Active methods are 

also typically used as special procedures for data processing. 

The relative positions of the source of heat stimulation and the temperature recording 

equipment (thermal camera) depend largely on the detection of defects and the practical 

implementation of the test. The simplest method consists of heating the surface of objects 

using an electric incandescent lamp. The achievable heating density, which is easily 

adjustable, can be up to several kW / m
2
 in a zone 1 m in diameter. 

In recent years, terahertz (THz) technology has received more interest and attention, because 

its unique properties and capabilities make it very attractive as a non-destructive evaluation 

(NDE) tool [2]. Most items consisting of dielectrics, such as plastic, glass fiber reinforced 

plastics (GFRP), ceramics, and certain composites (e.g. GFC), are transparent to THz waves, 
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whereas metals and other conducting materials, such as carbon fiber reinforced plastics 

(CFRP), are opaque to them (Maldague, 2001, Dragan, 2010). 

The paper presents a comparison of the results of terahertz (THz) and IR imaging for non-

destructive testing of non-metallic composites. 

 

EXPERIMENTAL TESTING 

In order to assess the possibility of using infrared thermography non-destructive testing 

methods to detect defaults in conventional honeycomb composite materials, samples of 

materials made by Nida-Core Corporation were used. In these samples, the core was made 

from polypropylene. Thanks to its physical and chemical properties, polypropylene is 

resistant to water and does not absorb it. For this reason, these honeycomb materials are ideal 

for numerous areas of industry, such as (www. nida-core.com): 

- boat-construction: hull, deck, flybridge, sole, door, stringer, hatch, interior;  

- equipment specific to marine construction, such as floating docks; 

- swimming pool construction, either for the swimming pool itself (when used for this 

purpose, honeycomb materials act as thermal insulation to maintain the water 

temperature) or for accessory elements such as staircases or annex premises; 

- features connected with sanitary arrangements, such as shower tubs or bathroom 

fittings in general. 

In order to achieve a reasonable estimation and identification of areas in honeycomb 

composite materials containing water, the following four test-samples of different honeycomb 

materials were prepared for non-destructive testing: 

- sample 1 - a polypropylene core (hexagonal cell size 8 mm) covered with polyester 

scrim and 50 microns polypropylene film, total thickness 20 mm (Fig.2); 

- sample 2 - a polypropylene core (hexagonal cell size 8 mm) covered with wet 

laminated fiberglass, total thickness 11.2 mm (Fig.3); 

- sample 3 - a polypropylene core (hexagonal cell size 8 mm) covered with wet 

laminated fiberglass, total thickness 21.5 mm; 

- sample 4 - a fiberglass core covered with glass fabric, total thickness 10.8 mm (Fig.4). 

Water was introduced into four cells in each of the above samples. 

 

 

Fig. 2 - Sample 1 
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Fig. 3 - Sample 2 

 

Damage in sample 4 was due to the cut glass fibers of the core, an area of about 4 cm
2
. 

 

     

Fig. 4 - Sample 4 

 

The IR thermography test may be performed by either the reflection or the transmission 

method. 

In the reflection method, also known as the one-sided method, the source of the heat 

stimulation and the temperature-recording device are located on the same side of the object 

(Fig. 5a). Its disadvantages are the uneven heating of whole surface of the object (which 

makes it difficult to detect defects) and disturbances caused by reflected radiation. 

In the transmission method, also known as the two-way method, the source of heat 

stimulation and the temperature-recording device are located on opposite sides of the object 

(figure 5b). This requires heating the whole object and cannot be used for testing thick 

objects. The influence of uneven heating on the test results is much smaller than in the 

reflection method. 
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During the IR thermography experiments, the test surface of the sample was heated for 1 s by 

a thermal pulse of 1kW, which was generated by a lamp. Changes in the temperature field on 

the heated surface of the sample were registered by a FLIR SC7600 IR camera, in sequences 

consisting of 125 images with a resolution of 512 x 640 pixels, recorded at a frequency of 50 

Hz. 

Similarly to IR thermography testing, the terahertz method was implemented using reflection 

and transmission with the use of a terahertz source. 

The terahertz testing method used equipment from the company Terasense Development 

Labs: line scanner - Linear 1024 (256x4 pixels image resolution, pixel size 1.5x1.5 mm, 

frequency ~ 100 GHz, power 1 nW / Hz) and terahertz source - Generator Sub-THz - 

IMPATT (frequency 100 GHz ± 5 GHz, power ~ 30 mW). 

 

  

(a)                                                                        (b) 

 

Fig. 5 - Testing set-up: (a) transmission IR thermography method, (b) reflection IR thermography method 

 

RESULTS 

The thermograms shown in Figs. 6-8 are the results obtained by infrared thermography using 

transmission and reflection methods with the test samples 1-3. Using both the reflection and 

transmission methods, cells containing water can easily be located. 

The analogous results obtained by terahertz imaging are shown in Figs. 9-11. The results 

obtained by the transmission method are similar to those found with infrared thermography. 

Using the reflection method, it was not possible to determine which areas contained cells with 

water. 
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(a)                                                                                (b) 

Fig. 6 - Thermograms of Sample 1: (a) reflection method, (b) transmission method 

 

 

   

(a)                                                                       (b) 

Fig. 7 - Thermograms of Sample 2: (a) reflection method, (b) transmission method 

 

 

   

(a)                                                                          (b) 

Fig. 8 - Thermograms of Sample 3: (a) reflection method, (b) transmission method 
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(a)                                                   (b) 

Fig. 9 -Terahertz imaging Sample 1: (a) transmission method, (b) reflection method 

 

 

   

(a)                                                    (b) 

Fig. 10 - Terahertz imaging Sample 2: (a) transmission method, (b) reflection method 

 

 

 

   
 

(a)                                                 (b) 

Fig. 11 - Terahertz imaging Sample 3: (a) transmission method, (b) reflection method 

 

 

Figure 12 shows a comparison of results obtained for sample 4 by the transmission terahertz 

and infrared thermography method.  As shown in the thermogram (Fig. 12a), infrared 

thermography failed to detect damage to the sample. Only the image obtained by the terahertz 

method (Fig. 12b) showed the damage. 
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(a)                                                                b) 

Fig. 12 Sample 4: a) thermogram of transmission IR thermography method, terahertz imaging 

transmission method   

 

CONCLUSION 

A comparative study between IR thermography and terahertz imaging has shown that it is 

possible to apply the terahertz method to the detection of moisture and water in non-metallic 

honeycomb materials. Due their current resolution, terahertz detectors can detect defects 

whose dimensions exceed the pixel size of the terahertz image obtained using this detector 

(scanner, camera). As a result of the development of terahertz technology, it is expected that 

terahertz cameras with a much better image resolution than today will be available in the 

future. 

In some cases, as in test sample 4, the terahertz method can be complementary to IR 

thermography testing. 

In further work, I intend to focus on improving the efficiency of the reflection terahertz 

method, because the results shown in this paper are below expectations. 
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ABSTRACT 

During service life, the composite structures are usually exhibited to several failure modes 

and their interactions that pushes both designers and researchers to characterize / identify the 

relevant parameter(s) for damage resistance, accumulation and life prediction. 

In this paper, we aim to identify to what extent interlaminar stress causes relevant degradation 

of composite materials subjected to service loading spectra. Series of constant amplitude 

fatigue tests were carried out on [±45/0/90]3S graphite/epoxy laminate in order to determine 

S-N curve at load ratio r = Fmin/Fmax of 0.1. Further, based on these test data found, and to 

predict fatigue damage of specimens, linear model based on linear damage accumulation 

theory was employed. For three simulations of randomized loading spectra, predicted fatigue 

life generated were compared with quasi-empirical model and experimental results available 

on literature. Then, we move to study the effect of the standard deviation and the average of 

spectrum loading on specimen’s lifetime. 

Keywords:  composite laminates, service lifetime, damage resistance. 

 

INTRODUCTION 

As known, today composite laminates are dominant in many civilian and military 

applications, such as aircraft, where we find that wings are manufactured of graphite/epoxy 

composite material that is the subject of our study. These structures are usually subjected to 

multi-axial fatigue loading due to external loads that are mostly random. Consequently, 

several types of defects such as fiber breakage, matrix cracks, and delamination occur which 

causes the degradation of global stiffness and residual strength of the laminate [1, 2].  

Among many models that address this problem of damage, Yung-Li Lee and Tana Tjhung 

used Palmgreen-Miner rule, also known as the LDR (Linear Damage accumulation Rule) 

which is considered the simplest and most popular one, combined with the so-called rain flow 

cycle counting technics to assess damage or life of composite [3-4]. The rain flow cycle 

counting algorithm is found to be the best method for fatigue damage estimation [5-6] and is 

commonly applied as a reference to check the accuracy of frequency-domain methods [7-8]. 

The most successful predictive models generally take account both the rapid accumulation of 

damage in the first little cycles and rapid growth of damage at the end of fatigue life [9-10]. 

These models are extremely important because they allow the prediction of the onset and 
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propagation of multiple off-axis cracks because these phenomena may be responsible for a 

pronounced reduction in stiffness well before the final failure of the laminate. 

Due to lack or paucity of experimental data, not all approaches cited above have been 

validated experimentally and authors cannot verify their models or form any generalizations. 

Additionally, most of the studies have been made on composite materials subjected to tension 

(pull-out) and compression (push-in) static and/or dynamic tests but either no or very limited 

studies are available on the fatigue behavior under static / dynamic bending tests. 

Consequently, some authors have taken a different path from the deterministic one, they 

based on the finite element analysis and calculation of damage using various computer code, 

such as ABAQUS [11], LS-DYNA [12], FADAS [13-14].   

Hence, in this paper we have chosen specimens with geometrical parameters leading only to 

delamination failure mode knowing that the thickness of the samples was fixed in advance by 

the manufacturer of the aircraft wings F16 (h=3.47 mm). In the second place, spectrum 

fatigue damage was predicted using model, which was derived from empirical laws (Miner’s 

rule) and fatigue tests data. Comparison of obtained results with mathematical formula E(D) 

and experimental test results available on literature demonstrate that the predictive capabilities 

of the proposed model are quite satisfactory. Then, we examined the effect of standard 

deviation and the average of loading spectra on fatigue life of samples. 

CMEEE.congress@gmail.com 

 

EXPRIMENTAL STUDY 

The tests were performed via MTS 810 servo hydraulic machine, the material used for the 

experimental study was Hercules AS4/3501-6 quasi-isotropic graphite/epoxy composite laminate 

[±45/0/90]3S, the specimens are loaded in three point bending (Fig. 1) with linear constant. 

 

Fig. 1 - Geometric dimensions of the specimen 

There exist many fracture modes that could be encountered in the laminate; for this reason, the 

dimensions of specimen have been previously set so that only interlaminar fracture at the central 

90/90 interface will be generated as the dominant fracture mode. 

Our interest of delamination failure mode comes from the fact that this type of damage occurs 

abruptly within layers (invisible), also it is considered as the most dangerous and severe defect 

because it may severely degrade the stiffness and strength of composite structures JM. 

Hodgkinson [7] and SR. Reid and G. Zho [8]. Following an experimental study, we concluded 

that dimensions of the specimen leading only to interlaminar delamination fracture mode are b=10 

mm and S=30 mm. 
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Thereafter, thirty specimens were tested under different load levels at a load ratio r = 
����
����	= 0.1. 

The test results are given in the form of an S-N curve in Fig. 2 and from a straight line 

corresponding to the best fit of the data in the log-log scale, we extract constants β	= -0.1077 and 

c =3.69 characterizing the equation of the straight line given by:  

Log	F = β	log	N + c.    (1) 

 

 

Fig. 2 - Curve of constant load amplitude fatigue in a log-log diagram 

 

 

FATIGUE LIFE PREDICTION MODELS: 

In what follow, our study is based on a stationary ergodic Gaussian loading. 

linear damage model: 

Using a Matlab program, we generate an ergodic Gaussian stationary random signal (Fig. 3); then 

we counted cycles using rainflow cycle counting algorithm according to the ASTM standard. In 

addition to number of cycles, the program returns rainflow amplitudes and means values of the 

load that will serve us to calculate the load Fa that will be used to extract lifetime Ni from S-N 

curve already drawn before (Fig. 2). Based on Haigh diagram, load F was calculated as follows: 

�� = �����∗��������� 
�����	!(	��������� 	#�$������� ) . (2) 

Where Frupt being the ultimate load, Farainflow and Fmrainflow represents rainflow amplitudes 

and means values returned by the algorithm. In order to calculate lifetime we used a following 

expression: 

& = ∑(()*)+,-./0)+
∑1232

. (3) 

Where ni represents rainflow cycles obtained from the counting procedure of the algorithm 

(Figure 4). 
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Fig. 3 - Ergodic Gaussian stationary random loading generated 

 

 

 

Fig. 4 - Rainflow cycles extracted from signal 

 

 

Quasi-empirical model: 
 

According to linear damage rule, the expected damage can be calculated as [3]: 

       E[D(t)]=	C#5ν� 7 S9p!;
< (S)dS                   (4) 

Where, ν�is the frequency of peaks, p(S) is the probability density of the maxima while C and 

β are material parameters defining the constant amplitude SN curve: 

>?@=C         (5) 

For a Gaussian stationary process, the frequency of peaks is given by [15]: 

ν� = 5
ABC$D$E                            (6) 

Where, FA and	FG are the second and fourth spectral moment. The spectral moment is 

defined by: 

mI=7 |w|I!;
#; ɸ(w)	dw=7 wI!;

< ɸ(w)	dw     (7) 
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Where, ɸ(w) represents the power spectral density. The determination of the probability 

density of the maxima has been well studied [16]. As an example, in a narrow-band Gaussian 

process p(S) is a Rayleigh distribution so that equation (1) becomes as follow: 

E[D(t)]=M#5 AN/EAP CQDQE R@	S(1 +
@
A)         (8) 

Where, S (.) represents the gamma function defined by: 

S(U)=27 W(AX#5)Y#ZE[W!;
<                    (9) 

 

For an ergodic process, it is assumed that expectancy of the total damage over a period T of 

application of random loading is:   

E[TD(t)] = TE[D(t)]       (10) 

And we know that the ruin occurs when the total damage is unity, then estimation of the 

lifetime of composite can be deducted from equations (8) and (10): 

T = 5
][_(�)] = 5

abcEd/EEe C�D�Efd	g(5!
d
E)

      (11) 

For three different spectra simulated loads, we have compared results obtained through linear 

damage model with results found through mathematical expression (Eq. 11) and experimental 

results available in literature [2], results are summarized in Table 1. 

 
Table 1 - Comparison of lifetime results 

Loads Linear model 

results 

 

Theoretical 

results 

Average lifetime 

with programmed 

blocks 

Average lifetime 

with randomized 

blocks 

Average lifetime 

with individual 

cycles 

Case1: 

F=2000 (N); 

R = 350	(>) 
5800 cycles 4900 cycles 3387.5 cycles 3912.5 cycles 4410 cycles 

Case2: 

F=1500 (N); 

R = 500	(>) 
63000 cyles 58000 cycles 52595 cycles 52905 cycles 54517.5 cycles 

Case3: 

F=750 (N); 

R = 500	(>) 
2.210

8
 cycles 10

7
 cycles none none none 

 

 

The linear model has experienced widespread use in metal fatigue application and has carried 

forward to composite fatigue. Designers know that results found by this model are non-

conservative and are viewed with great suspicion, despite all this, it still used as a benchmark 

with which other models are compared. However, and despite defects present in the 

experimental process, we can still conclude that the quasi-empirical fatigue damage model, 

based on minure’s rule, for variable amplitude loading is rather quantitatively accurate for 

engineering application. 
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EFFECT OF STANDARD DEVIATION AND THE AVERAGE LOAD OF 

SPECTRUM LOADING:  

In this section, the effect of both the standard deviation and the average of the spectrum 

loading on the fatigue life was examined for a variety of service fatigue loading. For this 

purpose, firstly we have calculated lifetime by varying values of sigma from 100 to 500 and 

for 3 average amplitudes of the applied spectrum, and secondly we have varying the average 

amplitudes for various magnitudes of standard deviation of the service spectra. Results 

obtained are drawing in semi-log graphic as shown in fig. 5 and fig. 6. 

It is clear from these figures, that for three different mean load, all curves obtained are parallel 

and decreases similarly, henceforth, equations governing these curves, of the standard 

deviation and the average amplitude respectivelly, has the following forms: 

Log N = BR#k.m       (12) 

Log N = KFm
-4.161

       (13) 

Where, R	& Fm denotes respectively the standard deviation and the average amplitude of 

service loading. B is a parameter related to the average force of loading spectrum with the 

following empirical relationship: B = 10
38

Fm
-4.16

. K is another parameter related to the 

standard deviation of loading spectrum with the following expression: K = 7E37R#k.Gn. Both, 

Eq. 12 and Eq. 13 provides easily the lifetime of a composite laminate by knowing just the 

mean value and standard deviation of the applied load spectrum. It is worth noting that fatigue 

life decrease considerably when standard deviation (fig. 5) and average load (fig. 6) increase 

which is correlated with fatigue life behavior of composite laminates. We notice also that 

curves representing standard deviation vs lifetimes decreases rapidly than those representing 

the average load vs lifetimes, then, we conclude that the standard deviation have more 

influence on fatigue life of specimens than the average amplitude of service loads. 

 

 
 

 
Fig. 5 - The effect of standard deviation on specimen’s lifetime 
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Fig. 6 - The effect of average load on specimen’s lifetime 
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ABSTRACT 

This work analyses cure deformation of a typical curved composite honeycomb sandwich 

structure. Cure deformations of composite faceplate and corresponding composite honeycomb 

sandwich structure were compared, and cure deformations of sandwich structure caused by 

co-cured temperature and faceplate ply misalignment were also numerical simulated.   

Composite samples were fabricated to validate the numerical predictions. The result of cure 

deformation analysis can confirm the validity of the forecast model and assess the degree of 

studied process impact on composite honeycomb sandwich structure. 

Keywords: cure deformation, honeycomb sandwich structure, composite, finite element 

method, verification 

 

INTRODUCTION 

Integrated process is an important technique of cure process for composites to reduce parts 

and fasteners and meet the needs of structure performance. Fabrication cost can be reduced in 

integrated process. Cure-induced deformation of composite will have a very negative impact 

on the shape accuracy of composite component and the assemble match between the 

components, especially for large-scale and complex structural composite integrated structure, 

such as composite aircraft fuselage and wing. 

It is well known that honeycomb sandwich structure is a common typical structure of 

composite component. It is important to guarantee a component and reduce fabrication cost 

that the method of analyzing deformation is developed for composite honeycomb sandwich 

structure.  

A simplified multi level forecast model for cure process of a typical curved composite 

honeycomb sandwich structure was developed. Thermal deformation, cure shrink and the 

evolution of residual stresses in the entire cure process were considered in the model. 

The studied sandwich structure, composed of composite faceplate and aluminum honeycomb, 

had a length of 400mm, with a radius of curvature of 165 mm. The thickness of faceplate and 

honeycomb were 0.8mm, 15mm respectively. The material for faceplate comprises of carbon-

fiber fabric, pre-pregnated with a toughened epoxy resin. The type used here was T300/E602 

and T300/E603 (fiber/resin). The reinforcement T300 was carbon-fiber fabric of Toray, and 

the epoxy resin E602 and E603 are both manufactured by our team. The validated composite 

structure samples were co-cured in an autoclave.  
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FINITE ELEMENT METHOD 

The Finite Element analysis (FEA) is a powerful mathematical tool to solving partial 

differential equations for each element simultaneously. A specific model is applied to analyze 

cure deformation of a typical curved composite honeycomb sandwich structure. The graph of 

a relation for cure analysis model is shown in Fig.1. Material parameters of T300/E602, 

T300/E603 and aluminum honeycomb are measured, as shown in Table 1. Cure deformation 

of composite sandwich structure is characterized by maximum warping deformation and 

deformation curvature. The deformation degree of composite structure becomes larger with 

the increase of its maximum warping deformation. Maximum warping deformation is used as 

the characterization parameter of cure deformation in this paper. 

 

 

Fig. 1 - Graph of a relation for cure analysis model 

 

Table 1 - Material properties  

Material 
Elastic constant/GPa 

Coefficient of thermal 

expansion/10
-6

 

E1 E2 G12 G23 ν12 α1 α2 α3 

T300/E602 73 73 5.7 5.7 0.08 2.05 2.05 25 

T300/E603 80 80 6.2 6.2 0.09 2.13 2.13 28.3 

aluminum honeycomb 0.069 0.069 0.069 83 0 10 10 / 

PS:T300/E602 and T300/E603 are carbon-fiber fabric reinforce epoxy resin composite. 

Curved faceplate and curved sandwich structure are compared, and then cure deformation of 

the curved composite sandwich structure considering co-cured temperature and faceplate ply 

misalignment are analyzed.  The two cure temperature  are 130℃ and  180℃ respectively, and  
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faceplate ply misalignment is  10°.  And to verify the simulation rule of the curved composite 

honeycomb sandwich structure, we fabricated and tested several carbon-fiber composite 

samples. CFRP composite samples were fabricated through autoclave molding process. 

 

RESULTS 

The result from cure deformation analysis of the curved faceplate is shown in Fig.2, and the 

predictions of the curved composite sandwich structure considering co-cured temperature and 

faceplate ply misalignment are shown in Fig.3-Fig.5. Faceplate plies misalignment only 

happen in the process state of Fig.5. Validated samples of sandwich structure are shown in 

Fig.6. Deformation amount of samples were characterized by using a level ruler to measure 

the 1/4 circle corresponding chord length of curved samples (in Fig.7). Table 2 shows the 

results of simulated deformations and validated measurements with different analysis 

conditions. Deformations of curved honeycomb sandwich structure are much smaller than that 

of the faceplate, that is, the sandwich structure can effectively inhibit cure deformation of 

composite component.  

 

                                            

    Fig. 2 - Predicted deformation of curved faceplate            Fig. 3 - Predicted deformation of curved sandwich 
           structure(cured at 180ºC) 

                             

    Fig. 4 - Predicted deformation of curved sandwich             Fig. 5 - Predicted deformation of curved sandwich  

       (cured at 130ºC)                                       (cured at 130ºC， faceplate plies  misaligned by 10°) 

 

                                      

    Fig. 6 - Validated samples of sandwich structure           Fig. 7 - Measuring the 1/4 circle corresponding chord  

               length of curved sample 
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Table 2 - Simulated deformation and validated measurements with different analysis conditions 

Analysis Condition 
Simulated 

Deformation[mm] 

Validated 

Measurement[mm] 
Deviation[%] 

Curved Faceplate 28.2 29 2.8 

Curved Sandwich 

Structure(cured at 180ºC) 
1.04 1.03 1.2 

Curved Sandwich 

Structure(cured at 130ºC) 
0.864 0.85 1.6 

Curved Sandwich 

Structure(cured at 130ºC, faceplate 

plies  misaligned by 10°) 

0.891 0.88 1.3 

                                                                                                                               

 

 

CONCLUSIONS 

This study shows that numerical predictions compared quite well with experimental 

measurements for the cure-induced deformations. The influence of the co-cured temperature 

on cure deformation of composite honeycomb sandwich structure is significant, while the 

contribution of faceplate ply misalignment to cure deformation is small. Further study should 

be performed in order to analyze other factors on deformation of curved composite 

honeycomb sandwich structure, such as height of honeycomb, thickness of faceplate. 
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ABSTRACT 

The study presents research which attempts to determine the possibilities of modifying 

thermo-protective ablative properties of resin used in aviation applications. In order to modify 

the properties, we used the addition of nanotubes in the proportions of 1%, 2%, 3%, 5% 

(volume shares). We used the following parameters to assess the thermal protection: the 

ablation mass waste, average linear rate of ablation (!) and the back side temperature of the 

specimens) The performed tests as well as the obtained findings allowed formulating a 

number of conclusions which are useful in creating future composites. 

Keywords: ablative, passive fire-proof protections, epoxy composites. 

 

INTRODUCTION 

The use of modified plastics as ablative materials protecting against an excessive temperature 

increase was connected with the middle of  20th century, directly with arms industry as well as 

aeronautical, rocket and space technologies. These materials can also be used in the design of 

passive fire-proof protections for large cubature supporting elements in building structures, 

communication tunnels and for the protection of data stored in electronic, optical and magnetic 

carriers, the thermal protection system of rocket nozzles, space vehicles and rocket combustion 

chambers. The authors analysed an impact of the addition of carbon nanotubes upon the selected 

ablation properties. The aim of this article is to answer the question of the influence of the 

quantitative and qualitative phase composition of epoxide resin with selected nanotubes upon 

ablative thermo-protective properties of these composites, especially on the back side temperature 

of specimen ts and the mass waste Ua. In order to carry out the investigation, we prepared 10 

samples with a diameter of 40 mm and two kinds of thickness, 6 mm and 12 mm. The matrix 

of the composite was prepared by LH145 epoxide resin matrix base cured with H147 agent. 

The properties of the composite were modified by changing the volume share in the matrix of 

carbon nanotubes (IGCWNTs), which were as follows: 1%, 2%, 3%, 5% (volume shares). 

The samples were subjected to ablation testing by exposing to a high temperature heat flux for 

a period of o = 90 seconds and the flame temperature of 800 °C 

 

RESULTS AND CONCLUSIONS 

Figure 1 shows the final temperature of the rear surface of the wall of the isolating sample. 

The temperature of the rear surface of the wall in the 6 mm sample, grow from 80 °C, in the 

initial phase of burning, rapidly (until complete damage), even reaching the values of 
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approximately 300 °C. In the case of 12 mm thick samples, the temperature of the rear surface 

of the wall of the sample grows slightly in the course of the investigation, finally reaching the 

temperature of about 50 °C. 

 

Fig. 1 - Final temperature of the rear surface of the wall of the isolating sample 

On the basis of the conducted experimental investigation, we formulated the following 

conclusions: 

While comparing the composite sample in terms of thickness, it appears that 12 mm samples 

are more resistant to the heat flux rather than those which are 6 mm thick. 

The addition of nanotubes to 3% does not seem to affect the temperature of the back surface 

of the wall of the isolating sample. Only a 5% addition led to the reduction of the temperature 

of the rear wall of the isolating sample almost by 100 °C (i.e. approximately 40%). 

In the case of the nanotubes whose amount exceeds 3%, increasing the volume share of the 

nanofiller causes a relative ablative mass loss by approximately 5%.  
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ABSTRACT 

Lightweight design, structural performance and safety requirements represent the reference 

tasks for the development of innovative cars. For these reasons, both composites and Finite 

Element (FE) modelling have been widely employed in the last years. This study illustrates a 

numerical-experimental correlation methodology for Carbon Fibre Reinforcement Plastic 

(CFRP) laminates employed in a front Maserati hood. At first, an elastic-plastic material law 

is assessed for orthotropic shells using the Crash Survivability (CRASURV) nonlinear 

formulation, and a card material is compiled. A wide experimental campaign is performed 

according to the ASTM standards. Therefore, tensile, compression, shear, inter-laminar shear 

strength tests and drop weight tests are mandatory for the evaluation of the material properties 

and its failure modes. Finally, nonlinear forecasts of head impact on the hood are examined, 

and a preliminary numerical-experimental correlation is presented. 

Keywords: composite material, numerical-experimental correlation, automotive chassis, FE 

analysis, head impact. 

 

INTRODUCTION 

In the recent years, composites have been widely used for automobile hoods manufacturing, 

and the evaluation of pedestrian head injury represents a recurring research topic. In (Zhang, 

2008) and (Lopes, 2009 I, Lopes, 2009, II), a review of the nonlinear dynamic stability, 

failure and transient response of composite laminates has been presented and constitutive 

models of 3D panels under low-velocity impact have been investigated, respectively. In 

(Miscia, 2013), a genetic optimization technique has been performed on shell elements to 

automate the evaluation of the material properties for mono- and multi-composite laminates. 

A numerical-experimental correlation for CFRP hood involved in head impact tests has been 

preliminary illustrated. 

In (Okamoto, 2003), the influence of the vehicle front shape and its "construction (rigidity) on 

the head contact points" has been examined. The present work investigates the propagation of 

the damage and the failure prediction of composite HR carbon fiber laminates. At first, an 

extensive experimental campaign has been accomplished to collect the stress-strain behaviour 

of the material loaded by both static and dynamic loads according to ASTM regulations. A 

numerical-experimental correlation is performed for shell elements by RADIOSS solver. The 

material card is based on orthotropic elastic-plastic material law, where Tsai-Wu failure 

criterion is adopted. Finally, nonlinear FE modelling of direct head impact on the Maserati 

hood is examined, and a comparison with the experimental test is presented. 
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RESULTS 

A wide experimental campaign has been carried out and for each type of test, eight samples 

have been considered. The following graphs report normalized curves for confidentiality 

reason. The tensile experimental curves underline a linear elastic behaviour and a brittle 

failure mechanism, Fig. 1. shows the experimental curves that represent the average 

mechanical characteristics collected during the experimental campaign. In the compression 

and shear experimental curves an evident elastic-plastic stress-strain law appears, see Fig. 2 

and Fig. 3. FE forecasts have been performed to mimic the experimental behaviour using 

RADIOSS solver. However, the orthotropic material law applied to composite shell elements 

does not differentiate the material stiffness due to a purely tensile, and by a purely 

compressive load for the same stacking sequence (0 or 90 degrees orientation). Therefore, an 

admissible balance between the tensile and the compressive Young modulus has been 

accepted and adopted. Then the plastic portion of the curves has been defined through the 

ARSM (adaptive response surface method), Fig. 1, Fig. 2 and Fig. 3 show the comparison 

between the numerical-experimental correlation; indeed an excellent agreement is achieved. 

 

 

Fig. 1 - Tensile test: experimental-numerical comparison. 

 

 

 

Fig. 2 - Compression test: experimental-numerical comparison. 
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Fig. 3 - Shear test: experimental-numerical comparison. 

 

A further correlation of drop weight test specimens has been investigated and the material 

card parameters that influence the out of plane behaviour have been defined by an iterative 

approach, about 60 parameters have been defined to compile the material card. The 

numerical-experimental comparison of the drop weight test is shown in Fig. 4 and Fig. 5.  

 

 

Fig. 4 - Drop weight test: force displacement experimental-numerical comparison. 

 

 

 

Fig. 5 - Drop weight test: time displacement and time velocity experimental-

numerical comparison. 



Symposium-3: Composite Materials: Theory, Experiments and Applications 

 

 

-1226- 

The major aim of this activity is to apply the correlated card material to a pedestrian head 

impact for the CFRP hood of a Maserati vehicle. Fig.6 shows the FE cut-body model that 

includes all parts of the car front structure, and all under bonnet components that may be 

involved in this case study, according to the ECE 127 Pedestrian Head Impact. 

 

 

 

Fig. 6 - Pedestrian head impact FE model and example of monitored points on the CFRP 

hood during the head impact test. 

 

 

The adult headform test area has been defined following the ECE 127 Pedestrian Head Impact 

regulation and in Fig. 6. a simplified interested zone and significant monitored points are 

highlighted. The position of the two significant points Pt1 and Pt2 has been decided in order 

to limited influence of the boundary conditions applied the hood during the experimental test. 

In fact the rear part of the CFRP hood was mounted on steel hinges by bolts and was support 

in the lateral part on the front fenders. Fig. 7 and Fig. 8 show the comparison between the 

numerical-experimental correlation of both the points, a good agreement has been obtained.  

 

 

 

Fig. 7 - Pt1 Experimental-numerical comparison. 
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Fig. 8 - Pt2 Experimental-numerical comparison. 

 

The Head Injury Criterion (HIC) has been calculated using the following equation: 

pqM = 	 	[ 1
W1 r W1s �	[W]

ZA

Z5

A.m
(W2 r W1) 

For both the points Pt1 and Pt2 the difference between the experimental and numerical HIC 

value is lower than the 10 percent. 

 

CONCLUSIONS 

A methodology to generate carbon fiber material cards for nonlinear analysis has been 

described. Tensile, compression and shear samples have been tested in order to characterize 

the in plane material parameter. The drop weight test specimens was accomplished to refine 

the parameters that describe the out of plane behaviour of the material card. The definitive 

validation of the material card was performed on the pedestrian head impact for the CFRP 

hood. The agreement between experimental and numerical results was satisfactory and 

confirms the effectiveness of the methodology.  
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ABSTRACT 

It was performed a finite element modeling of stress-strain state of the composite, reinforced 

by grains. A periodicity cell consisting of parts of two grains and the surrounding matrix was 

taken as a model. It was taken into consideration the contact interaction between grains and a 

composite matrix. It was demonstrated that a decrease in the diameter of the reinforcing 

grains leads to significant improvement of grains-matrix adhesion and an increase in the 

composite strength. 

Keywords: computer modeling, reinforcement by grains, stress-strain state, contact 

interaction, adhesion. 

 

INTRODUCTION 

Nowadays composites reinforced by grains are used in various fields of technics. However, 

the theoretical analysis of their stress-strain state is complicated because of the need to 

analyze mechanical systems with a complex configuration and taking into account the 

characteristics of the composite material phases’ properties. Investigations in this area are 

based on two main strategies. The first one supposes to fulfill the analysis of the average 

stress and strain fields for each construction component (Mei, 2010), but it doesn’t allow to 

determine the characteristics of the stress-strain state depending on the material heterogeneity. 

The second approach is to examine the models of a representative model of a volume with 

rigidly connected material phases (Mishnaevsky, 2001). This volume usually has a form of 

periodically repeating cells. 

We suggested a new model of a composite material reinforced by grains (Shimanovsky, 

2013). Its feature is the fact of taking into account the reinforcing filler-matrix contact 

interaction. It corresponds to the structure of composite material as a filler with a transit zone 

located around homogeneous matrix (Barness, 1978). The presented paper demonstrates an 

investigation based on the above mentioned model directed to analyze the influence of the 

grain size and adhesion characteristics between composite material phases on the material 

stress-strain state. Computations are performed using ANSYS finite element analysis 

engineering program software. As a model it was taken a periodicity cell consisting of two 

grains’ parts and a surrounding matrix. For the computations there were used the following 

model parameters: filler and matrix elasticity modulus - 50 and 30 GPa, Poisson's ratio - 0,15 

and 0,27 correspondingly. Friction coefficient and adhesion values for the contacting areas of 

matrix and grains varied in a sufficiently wide range. The loading of the periodicity cell upper 

face was ensured by uniformly distributed pressure of 30 MPa. On the other faces a symmetry 

condition was imposed. 



Symposium-3: Composite Materials: Theory, Experiments and Applications 

 

 

-1230- 

RESULTS AND CONCLUSIONS 

As a result of the simulation there were obtained the schemes of stresses and deformations 

distribution in the periodicity cell volume. The performed computations showed that at low 

values of friction coefficients and adhesion it can appear the relative displacement of the grain 

and matrix surfaces during the time period from the load application moment till the system 

returns to equilibrium state. Fig. 1 demonstrates the dependence of the maximal cohesion with 

possible slip on the friction coefficient. The integrity of the material under applied load is 

provided only for the points located above the curves shown in Fig 1, b. If the cohesion is 

insufficient, the material begins to flake. This fact indicates that the presence of material 

strength lack under the action of 30 MPa compressing pressures. Fig. 1 also shows that 

reducing the size of the reinforcing grains from 20 to 10 mm leads to a considerable reduction 

of cohesion required to ensure the integrity of the material. 

                
(a)                                                                            (b) 

Fig. 1 - Geometry model and computational results: а) the periodicity cell, б) the friction 

coefficient-cohesion dependence for the case of the required composite strength ensuring 

The required adhesion values for the ensured strength of composite material constructions can 

be determined carrying out similar computations for other sizes of reinforcing elements. 

These values should be a determining parameter in the process of a rational connecting 

element selection. 
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ABSTRACT 

Polymethacrylimide(PMI) foams have been widely used in aerospace, ship, railcar 

manufacturing and radom. In this work, the light weight of the PMI foam was design by finite 

element method to meet the  structure and performance optimization. 

Keywords: polymethacrylimide, lightweight, sandwich structure. 

 

INTRODUCTION 

Polymethacrylimide foams (PMIs) are manufactured by free radical polymerization of 

methacrylonitrile and methacrylic acid using light alcohols as blowing agents. The rigid 

closedcell structure of PMIs provides outstanding performance concerning to fatigue and 

creep resistance, low density, rigidity and easy of machining. Further, PMIs are excellent 

dielectrics, the heat conductivity and thermal expansion coefficient are very low, and rigidity 

is maintained up to at least 170
o
C, press shaping without decomposition being possible within 

the 170-190
o
C range. These properties made PMIs to be an excellent choice for a number of 

technological applications including sandwich material for antennas and radomes, filling for 

rotor blades in the wind energy industry, and core parts in the automotive, watercraft and 

space industries.  

At present， the density of PMI foam is only 70, 110 and 200kg/m
3，which limited the 

perspective of foam sandwich composite design. In this paper, the finite element method was 

used to meet the structure and performance optimization and the lightweight of foam 

sandwich. 

 

RESULTS AND CONCLUSIONS 

The theoretical strength and modulus of the PMI foam were calculated as follows, assuming 

equal compression in the thickness direction during loading. 
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 where σ0 is the compressive strength before lightweight, 0ρ
is the density before lightweight, and E0 is 

the modulus before lightweight.It can be seen from the formulas that the equivalent modulus of 

the foam plate after drilling is equivalent to the quality. 

The load was applied to a complete and punched specimen, and the theoretical and 

experimental data were compared. The results are shown in Table 1. 

Table 1 - Experiment and  theoretical results 

 

Density 

before 

lightweight 

(kg/m
3
) 

Modulus 

before 

lightweight 

(MPa) 

Strength 

before 

lightweight  

(MPa) 

Density 

after 

lightweight 

(kg/m
3
) 

Modulus 

after 

lightweight 

(MPa) 

Strength 

after  

lightweight 

(MPa) 

Theoretical 

Modulus 

after 

lightweight 

(MPa) 

Theoretical  

Strength 

after 

lightweight 

(MPa) 

1 49.3 35.9 0.91 36.3 26.59 0.78 26.47 0.67 

2 49.3 36.8 0.91 36.3 27.63 0.74 27.12 0.67 

3 49.3 25.5 0.60 36.3 15.46 0.49 18.84 0.44 

4 72.0 54.21 1.62 52.0 51.31 1.21 39.15 1.17 

 

It can be seen from the table, strength and modulus of the foam after lightweight are better 

than theoretical strength. The higher local strength and modulus of the foam after lightweight 

is the main reason. 

The finite element simulation analysis were verified the theoretical results, as shown in Figure 

1 and Figure 2. 

 

 

 
Before lightweight  

 

Fig. 1 - Finite element simulation results (to be continued...) 
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After lightweight 

(a) Stress cloud under equivalent pressure 

 
Before lightweight  

 

 
After lightweight 

(b) Displacement cloud under equivalent pressure 

 

Fig. 1 - Finite element simulation results 
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(a) Stress cloud  

 
(b) Displacement cloud 

Fig. 2 - Finite element simulation results of square hole 

The results of the finite element analysis are consistent with the calculated and experimental 

results. And the result of the circular hole is better than the square hole under the same load. 

The above results show that the specific strength and specific modulus of the foam have been 

improved after the foam has been lightened.. 
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ABSTRACT 

In this work a new design is proposed to substitute a conventional node in a bus structure. The 

alternative node is made of carbon-epoxy FRP and is fixed to the steel structure of the bus by 

means of a structural adhesive. Design of the FRP core has been conducted, polyurethane 

based adhesive has been selected, and a FEM model has been built to simulate and compare 

the behavior of both (steel original and FRP proposed) designs. Extensometric tests have been 

conducted to validate the models and evaluate the most interesting design zone. 

Keywords: FRP, coach superstructure, adhesive, FEM. 

 

INTRODUCTION 

The selection of a material for bus structures is a complicated optimization problem between 

mechanical properties required in the operation of vehicle and manufacturing as well as their 

production costs [1]. Steel tubing has been shown to be capable energy absorbers because of 

their progressive buckling under compressive loading and their structural lightness. Energy 

absorption is a crucial factor for analyzing crashworthiness because of the importance of 

protecting the occupants during crashes. Nevertheless, bus structures are subjected to dynamic 

loads, which are transmitted from the pavement to the structure causing fatigue in the welded 

joints of the components of the steel superstructure of buses and coaches. The fatigue cracks 

usually initiate at the toes of fillet welds of T type connections made with rectangular thin 

walled tubes [2]. Welded joints also present premature fails due to corrosion, needing more 

frequent inspections. 

For these reasons, new concept designs, materials and assembly methods have to be 

developed and applied by bus and coach manufacturers. The LITEBUS project [3] has 

developed an all sandwich composite material to replace both steel and aluminium frames for 

buses. It not only reduces weight but also renders PSVs tougher and less prone to structural 

damage in accidents. Nowadays composites finds their usages mostly in aerospace and marine 

applications as they offered light weight, mechanical strength, corrosion resistivity, ease of 

maintenance. 

While fiber-reinforced composites have showed potential for automobile parts in the past 

several decades, the application has yet to be realized on a mass production scale due to 

several drawbacks including low production, automation rates, and significant costs [4], [5]. 

Bus manufacturers have recently turned their attention to multimaterial design strategies. 

Structures built in that manner consist not only of regular steel parts, but contain also a mix of 
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components made from various lightweight materials like aluminium alloys or composites, 

which allow for significant reduction in vehicle curb weight. However, due to the differences 

in mechanical characteristics that are especially evident in the case of laminates, the material 

substitution is not a straightforward task [6]. 

Adhesive joints present important advantages against other types of joints for dissimilar 

materials, because it is a simple and flexible technology, which leads to a continuous joint 

without stress concentration and does not require great inversions. 

As a solution of the fatigue crack, a new concept of joint made with FRP (Fiber Reinforced 

Polymer) is introduced in the steel bus structure in the most stressed joint. This joint is 

connected to the steel structure by means of an elastic-plastic adhesive bond. 

In this work, the viability of the new concept for adhesive structural joints of dissimilar 

materials for busses and coaches.  

 

THE COACH FEM MODEL  

The coach model has been built from the 3D geometry given by the manufacturer in STEP 

format. A shell model has been selected, generating the mid-plane geometry model meshed 

with four nodes shell elements of 20 mm (Fig. 1). 

 

 

Fig. 1 - Shell model 

 

Displacements have been restricted adequately in the suspension connection points. 

The model has the following main characteristics: 
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- Number of nodes:     474.000 

- Number of degrees of freedom per node:  6 (ux, uy, uz, rotx, roty, rotz). 

The used material is Steel, with the properties shown in Table 1: 

 

Table 1 - Steel properties 

Young Modulus (Pa) 2.1e+11 

Poisson`s ratio .29 

Density (Kg/m
3
) 7850

 

 

 

A linear elastic isotropic model has been considered for the steel behaviour, which is an 

appropriate hypothesis since the loads do not take the material out of the linear elastic 

working range. 

Solving the model for conventional load states that simulate conventional situations for a 

coach (braking, accelerating, curve passing…) reasonable results have been found, with 

correct deformed shape and stress values always under 150 MPa (Fig. 2). 

 

Fig. 2 -  Stress distribution example 
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EXTENSOMETRIC TESTS 

Static tests were carried out on the coach structure in order to select the nodes having larger 

stress values for the present study. 

Used equipment: 

- Weighing machine for heavy vehicles 

- Hydraulic jacks to bring up the wheels 

- Vishay SYSTEM 7000 extensometric scanner 

18 static tests have been carried out measuring strain in some structure areas. 61 uniaxial and 

biaxial extensometric gauges were previously installed. Most of them have been placed near 

union nodes which have been identified in previous research as those more loaded, like 

unions between posts and lateral lattice near the windows or the wheels. 

Torsion has been induced to the structure by bringing up one wheel with the jacks. Jacks are 

adjusted until the suspension connection point elevates 5 cm. 

The conclusion of this procedure is that the most interesting union node for the present study 

is the one identified in Fig. 3. 

 

 

 

Fig. 3 - Coach structure selected node for study 

 

 

In Fig. 4 the real node can be seen with the used instrumentation. 
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Fig. 4 - Part of the coach structure with extensometric gauges 

 

ADHESIVE SELECTION 

The selected adhesive must be sufficiently elastic-plastic, so that the fatigue stress in the 

structure of the coach is attenuated.  

In recent years, the development of structural adhesives has been increased, mainly due to the 

great benefits that these types of materials provide to the joints. Among these benefits are: 

better distribution of loads (avoiding points of stress concentration), ability to join dissimilar 

materials (such as metals with composite materials) and less corrosion problems (avoiding the 

formation of galvanic corrosion batteries). 

SikaTack Drive is selected, a polyurethane based adhesive. It is a very elastic-plastic 

structural adhesive. Currently, this adhesive is used for bonding the glasses of cars. As it is a 

structural adhesive, it has enough capacity to support the stresses to which the node will be 

subjected, providing the structure with the required elasticity to absorb the fatigue. On the 

other hand, as it is a polyurethane based adhesive, it has adequate behavior against external 

agents, such as humidity and temperature, so it is suitable for the raised problem. 

It is necessary to ensure a cohesive breaking (through the adhesive) of the joint when working 

with adhesives, being adhesive breaking (in the substrate-adhesive interfaces) undesirable. 

Therefore, the right surface treatments on the bonded substrates must be developed. For this 

work and selected adhesive, different tests have been carried out, in order to find the best 

possible surface treatment for the raised joint. The selected surface treatments are shown 

below: 

-CFRP: APPT + Sika Primer 215. 

-Steel: Sika Primer 204N. 

APPT is an Atmospheric Pressure Plasma Treatment. An ionized gas is applied on the surface 

of the material through a torch. This treatment can be used for both, polymers and metals, 

introducing polar groups on the surface of the material, increasing the surface energy value, 
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and making a better bond with the adhesive or with the primer possible. The treatment has 

been used to activate the surface of the polymer (CFRP), with 3 meters per minute of torch 

speed and 6 mm of torch-specimen distance. 

Primers are products that favor the bond, forming chemical bonds between the substrate-

adhesive interfaces. Primers also allow the protection of the joint against corrosion. Primer 

treatments have been used for both substrates, Sika Primer 204N for steel and APPT + Sika 

Primer 215 for CFRP. 

 

FRP NODE MODEL 

A node sub-model has been integrated in the complete coach model previously shown. The 

node consist on a five arms carbon-epoxy FRP core inserted in the steel structure and joined 

to the steel pieces by the selected adhesive, as shown in Fig. 5. 

For this first approximation calculation a linear orthotropic model has been implemented for 

the FRM material and an isotropic one for the adhesive. 

 

 

Fig. 5 - Proposed new design FRP node 

 

RESULTS 

In order to see if the new design is capable to redistribute the stress field, stress will be 

calculated in the steel bars near to the FRP node from the FEM model in the points under 

extensometric gauges 10 and 11 (Fig. 4). 

In accordance with the extensometric tests, the connection point between the suspension and 

the coach frame has been elevated 5 cm. 

In the complete steel model (original one, according to the manufacturer’s design) normal 

stress in Z direction (vertical) under gauge 11 is 3.76 MPa. After FRP node with polyurethane 

joint is implanted σz decrease to 1.94 MPa. 
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In the same way, normal stress in X (longitudinal) direction under gauge 10 in the complete 

steel model is -6.87 MPa, but after FRP redesign σx decreases to -1.81 MPa. 

Looking for stress variations in other nodes near to the modified one it can be seen that stress 

grows smoothly in some of them. 

It is noticed that stress values are very small in all considered cases. The extensometric tests 

gave similar results for all the measurement points. It has to be considered that the frame 

structure is designed for passing more restrictive regulations, like overturning tests, and the 

structure do not reach high stress values in conventional torsion. But both models are 

completely linear and results can be extrapolated to higher values. 

 

CONCLUSION 

A shell finite elements model of a STELLAE OC500 RF coach has been built and used to 

simulate the behavior of a real node of the coach superstructure and an alternative design of 

the node with FRP and polyurethane adhesive joint. 

The proposed design is capable to put up with the conventional loads that the coach frame is 

going to suffer in normal conditions and do not change the frame behavior in global terms. 

Extensometric tests have been carried out over a real specimen of the coach structure in order 

to validate the FEM model, locate the most appropriate node and measure strains near the 

zone of interest. 

SikaTack Drive polyurethane based structural adhesive is selected because it’s good enough 

resistance, elastic-plastic behaviour and adequate performance against external agents. In 

addition, polyurethane based adhesives are frequently used for bonding the glasses of cars. 

A study has been carried out to find the proper surface treatments to ensure cohesive breaking 

of the joint. 

A sub-model of FRP and SikaTack node has been developed and introduced in the complete 

steel frame model in order to simulate the behaviour of the FRP joint in the superstructure. 

The proposed design with carbon-epoxy and structural adhesive node significantly reduces 

the stiffness of the node, resulting in lower stress values for the node surroundings, allowing 

the designer to redistribute the stress field far from delicate design zones. 
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ABSTRACT 

The determination method of the distributing function of microcracks orientation is developed 

from data of the azimuthal measurings of elastic waves velocities. The software “KERN-DP” 

is developed for the automated system of analysis of anisotropy parameters. 

Keywords: strain, deformation, strength limit, static elastic module. 

 

INTRODUCTION 

The nonharmonic effects are studied on measuring of elastic characteristics descriptions of 

crystals, because elastic constants Cik is determined through the second derived quantity from 

energy of co-operation between the atoms of crystalline grate on deformation. As the 

variation of these effects is small, it is necessary to choose the high-fidelity measuring 

methods, which would allow to find out these changes [1]. 

 

EXPEREMENTAL RESULTS AND DISCUSSION 

For determination of mechanical characteristics: static elastic module E, elastic limit σЕ, 

effective fluidity limit σfl, strength limit at compression σst by means of the construction of 

diagram of strain - deformation σ - ε at to the brief monaxonic circulating compression - 

extension the modernized setting of „ALA-TOO” (IMASH-20-75) was utilized. The front 

panel of control of setting of ALA-TOO device (IMASH-20-75) is represented on fig. 1. 

 

Fig. 1 - Front panel of control of setting of ALA-TOO device (IMASH-20-75 

The static elastic module Е ≈ 231,7 КPа at compression, Е ≈ 272,3 КPа at extension; elastic 

limit σЕ ≈ 73 ± 5 KPa, effective fluidity limit σfl ≈ 108 ± 5 КPа; strength limit at compression 

σst ≈ 135 ± 5 КPа for radiation sutured hydrogel + 5% polyvinyl spirit (C2H4O)n on fig. 2. 
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Fig. 2 - Diagram of strain - deformation σ - ε of radiation sutured hydrogel + 5% (C2H4O)n. 

Other results are presented in figures 3, 4 and 5. 

 
Fig. 3 - Concentration dependence of static elastic module Е radiation sutured hydrogel + % (C2H4O)n. 

 
Fig. 4 - Concentration dependence of strength limit at compression σst radiation sutured hydrogel + % (C2H4O)n. 

 

Fig. 5 - Concentration dependence of elastic limit σЕ radiation sutured hydrogel + % (C2H4O)n. 

 

CONCLUSIONS 

1. The growth of heights IF maximums QM
-1

 testifies the growth of structural defects 

concentration, and the broadening of IF maximums ∆QM
-1

 here represents the relaxation 

process of structural defects new types in SiO2. 

2. The optimum concentration С = 5% of polyvinyl spirit (C2H4O)n radiation sutured hydrogel 

with the maximal absolute values of the static module E in compression, at extension; elastic 

limit σЕ; effective fluidity limit σfl; strength limit at compression σst in consequence of the 

formation of the polyvinyl spirit molecules nanoclusters. 
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ABSTRACT 

In fiber concrete the mechanical properties are partly determined by the orientation and 

alignment of the fibers. In the presentation flow simulations predicting fiber orientations will 

be compared to experiments and experimentally obtained fiber orientations. 

Keywords: fiber orientations, fiber concrete, flow simulations, flow experiments. 

 

INTRODUCTION 

Fiber concrete is becoming increasingly popular as a construction material, as it can 

potentially form a ductile concrete. The properties of the fiber concrete depend on the 

concrete recipe, the flow of the fresh concrete into the formwork, possible vibrating of the 

concrete and the fiber orientations. Thereby the fiber orientations are largely influenced by the 

flow of the concrete, which also depends on the formwork surface quality. A rough, sticky 

surface can produce a different fiber alignment than a smooth, non-sticky surface. 

The flow of the fresh concrete mass can be simulated using computational fluid dynamics, in 

which the concrete is approximated by a Bingham-plastic model. According to the Bingham-

plastic material model, a material behaves solid-like until a certain shear-stress is reached and 

after it behaves like a viscous fluid. The fiber orientations in the fluid can be simulated by 

coupling an equation for the fiber orientation distribution to the Navier-Stokes equations. 

Results of the simulations will be presented. 

Fiber orientations in concrete are difficult to measure. It can be done in the hardened concrete 

using x-ray computed tomography. Results of the x-ray computed tomography analysis will 

be presented.  

To be able to observe the change of fiber orientations during the flow, different experiments 

were performed. In these experiments the opaque concrete was replaced by a transparent 

matrix with similar rheological parameters as the fresh self-compacting concrete, see Fig. 1. 

In the presentation, these experiments will be compared to the simulations. 

 

RESULTS AND CONCLUSIONS 

The results from the flow simulations show, that the surface properties of the formwork have 

an influence on the fiber orientations. This can be explained by the fact, that a change of the 

slipperyness of the formwork surface changes the velocity gradient, which in turn has 
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influence on the rotation of the fibers in the flow field. This effect should be taken into 

account when designing the casting technology for structural elements made of fiber concrete, 

as it can be used to influence fiber orientations. Ignoring the effect, can on the other hand 

create unwanted and non-beneficial fiber orientations. 

 

 

Fig. 1 - Casting experiment with fibers in polymer solution 
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ABSTRACT 

Designing a lightweight composite part is always a trade-off between optimization, 

manufacturability and available time. Especially in an environment of many changing 

involved persons a concrete and practical process is a mandatory requirement to stay 

competitive and pass on knowledge and experience within the organization. Targeting this 

conflict, this research focuses on providing an overview of the available design tools for 

composite parts in the software Altair Hyperworks as well as Siemens Fibersim within the 

CAD software CATIA v5 R2014. The main task is to guide the designer through the 

development process and show the different available tools which support a sufficient and 

lightweight part. Using the German standard VDI 2221 (1993) for the development of the 

process an objective hierarchically method is generated. Divided into the four main stages 

“outer geometry”, “core”, “layup” and “manufacturing preparation”, different working 

streams are defined for the design process of a sandwich carbon fiber reinforced polymers 

(CFRP) part. In order to evaluate these steps, a generic monocoque is used in combination 

with stage-specific criteria corresponding to the individual objectives of the four stages. As a 

result the developed modular product emergence process (PEP) allows the designer to 

combine 76 tools with 42 modules to a part-specific PEP, matching the framework regarding 

timing, personnel and performance. Hence, the opportunity to make an objective decision on 

the ideal development process is generated with the possibility to even assess properties 

which are usually difficult or impossible to quantify like e.g. manufacturability. Future 

research should focus on these classification factors and the possibility to implement them 

into a product data management (PDM)-software to develop product specific PEPs computer-

assisted. 

Keywords: product emergence process, FRP, composites, optimization, software. 

 

INTRODUCTION 

The data exchange between designer and analysis engineer during the design process of a 

composite part is a crucial point. Which data should be available at which point during the 

PEP and in which format? These questions must be answered before the design process starts 

in order to set milestones and match the timing. Especially for the development of a prototype 

within a tight schedule, it is important to estimate the duration of optimization loops plus to 

know the interfaces and data formats within the different software. Information in literature 

like Potter (1997), Hennings (2011) or the AVK (2014) is mostly very generic and thus 

difficult to apply to every company and product. Many processes focus on the 

micromechanical behavior like stiffness, strain and fatigue. Failure criteria like Tsai (1984), 
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Tsai-Wu (1971) or Puck (1996) are often implemented in processes like the German standard 

VDI 2014 (2006) for the development of FRP components. Broader processes like 

Schürmann (2007), Bergmann (1992) or Morgan (2005) try to capture all aspects of the 

development but do not assign any software tools to deliver the different objectives. A 

detailed process with the specific software tools and their order within the PEP is usually a 

core competence of the part manufacturer and not openly communicated. 

Recapitulatory, although composite parts are state of the art and vastly used, a concrete PEP 

including its implementation within software cannot be found in any technical literature. The 

demand of this research is to give an overview of currently available solutions and their 

possible combinations to support the development of a sandwich composite part within the 

previously mentioned programs. Obviously, this paper cannot deliver a comprehensive survey 

of all available tools but it tries to give a first approach to allocate defined software tools to 

defined deliverables within the development process. 

Within this paper the PEP is divided into a hierarchical structure with different levels and 

modules consisting of individual tools. Several modules correspond to the same section of the 

process, delivering the same result but varying in performance, duration and main objective. 

These modules however allow the project manager to set up a part specific PEP and develop a 

high performance design within the given time. The chosen underlying case study is a 

prototype development of a CFRP sandwich monocoque, which defines the framework of the 

developed PEP. The process is geared around weight saving, time allocation and matching the 

required material properties (e.g. stiffness) under consideration of the producibility. It is 

assumed that the main geometry is already set and the starting point is the simplified CAD-

data. The output of the process is the plybook and the design of the core, which is then passed 

on to manufacturing.  

The importance of structural optimization in order to save weight has grown significantly 

over the last years. Especially when designing with composites the necessity to find the 

optimal material distribution is immense. Overlaid by the growing processing power of most 

working stations the question is not whether a part should be optimized but with which tool to 

which degree.  

According to Bendsoe (2002), Kober (2011) and Christensen (2009), optimization can be 

divided into the three categories sizing optimization, shape optimization and topology 

optimization. During a topology optimization an algorithm finds the best material distribution 

for a given design space. The most common method is the Solid Isotropic Material 

Penalization (SIMP)-method, developed by Bendsoe (2002). The topology optimization gives 

the designer the highest degree of freedom and hence most work during the adjustment phase. 

The shape optimization was developed by Cox (1965). In contrast to the topology 

optimization the shape optimization aims for the optimal shape within a design space with a 

constant volume. The sizing optimization is the oldest optimization and was already 

mentioned by Schmit (1960) in 1960. Where the topology and shape optimization will change 

the structure itself, the sizing optimization will find the optimal dimensions of the structure. 

Depending on the framework every optimization has its advantages and disadvantages during 

the PEP and it depends on the degree of optimization and the available time, which 

optimization is the most sufficient.  
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METHOD 

The guideline for this research was the German standard VDI 2221 (1993), which led to a 

very methodical and solution-neutral approach. The first step within the standard is setting up 

the list of requirements for the product. Accordingly transferred on the development of a PEP 

this research is conducted under consideration of the following requirements:  

 
Table 1 - Requirements for the developed PEP 

Demand (D) 

Request (R) 
Pos. Requirements 

D 1 Different alternatives are modular and hence combinable 

R 2 Alternatives have different focuses: good results vs. fast execution 

D 3 Starting point of the PEP: first draft of the outer geometry 

D 4 PEP ends with the start of manufacturing 

D 5 Output of the PEP: optimized outer surface, design of the core, layup, plybook 

D 6 Software: Catia v5-6R2014, Hyperworks13, Fibersim15, AutoCAD 2016 

R 7 
Possibility to parallelize: designer and analysis engineer work to some extent parallel; 

design and analysis jobs are in part distributed among multiple engineers 

R 8 Manufacturing can be performed by comparatively inexperienced staff 

 

The requirement specification necessitates the PEP to be assembled from combinable 

modules. To identify these modules, the process will be structured into several levels. The 

approach is again based on the German standard VDI 2221 (1993), which demands to 

structure a system into subsystems and sub elements to support the identification of sub 

problems (Fig. 1).  

 

 

Fig. 1 - Method of subdivision and combination to structure problems and systems (c.f. VDI 2221, 1993) 
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The full product emergence process is shown in Fig. 8. In level 1 the process is divided into 

four strictly successive stages: “outer geometry”, “core”, “layup” and “manufacturing 

preparation”. The strict order is a result of the tight schedule in prototype-manufacturing: To 

achieve a brief production, the molds and the core have to be machined during the 

development process and therefore cannot be altered further along the line. The products of 

the stages form the output of the PEP and simultaneously act as input for the successive stage 

respectively. 

 

The product emergence process is further sectioned in another two levels with the last one, 

level 3, containing sub elements which can be covered by specific software tools. These tools, 

representing possible solutions to the sub problems described by level 3, are positioned below 

the product emergence process in Fig. 8 as illustrated by Fig. 2.  

 

 
 

Fig. 2 - PEP: legend for the illustration of possible solutions 

 

 

Tools, which can only be executed in conjunction or which represent very similar alternatives, 

are merged to one module. Taking the compatibility of the modules into account, main paths 

through each stage are identified, portraying the fundamental alternatives to configure a stage. 

Four main paths, one for each stage, compose a complete product emergence process. Table  

contains all identified main paths. The modules that form a main path are highlighted in black 

font.  

 

Within the scope of this paper only the modelling and optimization strategies specific to FRP 

sandwich parts are described in greater detail.  

  

Modules

Tools

Levels

Stage
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Table 2 - Description of main paths 

Main path 1. Outer geometry 
 1.1 Model Development 1.2. Optimization 1.3 Adjustment 

 

O_M01 
1 shell global Analysis 

Shape opt. 

No transfer 

Punctual transfer 

Complete transfer 

No adjustment 

Revise design 

 

O_M02 
1 shell global Analysis 

Shape opt. 

No transfer 

Punctual transfer 

Complete transfer 

No adjustment 

Revise design 

 

Main path 2. Core 

 2.1 Designing 2.2 Dev. discr 2.3 Dev. l-str. 2.4 Optimization 2.5 Adjustment 
 

C_M01 

Design space 

Preliminary core 

No core 

3D elements 

2 shells global 

2 shells local 

1 shell 

No laminate 

Global laminate 

Zone laminate 

Topology opt. 

Freesize-/Size opt. 

Analysis 

Shape opt. 

Size opt. 

No transfer 

Punctual transfer 

Complete transfer 

No adjustment 

Redraw core 

Smooth inner mesh 

 

C_M02 

Design space 

Preliminary core 

No core 

3D elements 

2 shells global 

2 shells local 

1 shell 

No laminate 

Global laminate 

Zone laminate 

Topology opt. 

Freesize-/Size opt. 

Analysis 

Shape opt. 

Size opt. 

No transfer 

Punctual transfer 

Complete transfer 

No adjustment 

Redraw core 

Smooth inner mesh 

 

C_M03 

Design space 

Preliminary core 

No core 

3D elements 

2 shells global 

2 shells local 

1 shell 

No laminate 

Global laminate 

Zone laminate 

Topology opt. 

Freesize-/Size opt. 

Analysis 

Shape opt. 

Size opt. 

No transfer 

Punctual transfer 

Complete transfer 

No adjustment 

Redraw core 

Smooth inner mesh 

 

C_M04 

Design space 

Preliminary core 

No core 

3D elements 

2 shells global 

2 shells local 

1 shell 

No laminate 

Global laminate 

Zone laminate 

Topology opt. 

Freesize-/Size opt. 

Analysis 

Shape opt. 

Size opt. 

No transfer 

Punctual transfer 

Complete transfer 

No adjustment 

Redraw core 

Smooth inner mesh 

 

C_M05 

Design space 

Preliminary core 

No core 

3D elements 

2 shells global 

2 shells local 

1 shell 

No laminate 

Global laminate 

Zone laminate 

Topology opt. 

Freesize-/Size opt. 

Analysis 

Shape opt. 

Size opt. 

No transfer 

Punctual transfer 

Complete transfer 

No adjustment 

Redraw core 

Smooth inner mesh 

 

C_M06 

Design space 

Preliminary core 

No core 

3D elements 

2 shells global 

2 shells local 

1 shell 

No laminate 

Global laminate 

Zone laminate 

Topology opt. 

Freesize-/Size opt. 

Analysis 

Shape opt. 

Size opt. 

No transfer 

Punctual transfer 

Complete transfer 

No adjustment 

Redraw core 

Smooth inner mesh 

 

C_M07 

Design space 

Preliminary core 

No core 

3D elements 

2 shells global 

2 shells local 

1 shell 

No laminate 

Global laminate 

Zone laminate 

Topology opt. 

Freesize-/Size opt. 

Analysis 

Shape opt. 

Size opt. 

No transfer 

Punctual transfer 

Complete transfer 

No adjustment 

Redraw core 

Smooth inner mesh 

 

Main path 3. Layup 

 3.1 Model B.-up 3.2 Optimization 3.3 Adjustment 3.4 Final analysis 
 

L_M01 

Properties Analysis 

Freesize-/Size-opt. 

Punctual transfer 

Complete transfer 

Ply based 

Zone based 

Multiply based 

Analysis 

 

L_M02 

Properties Analysis 

Freesize-/Size-opt. 

Punctual transfer 

Complete transfer 

Ply based 

Zone based 

Multiply based 

Analysis 

 

Main path 4. Manufacturing Preparation 

 4.1 Designing solid body 4.2 Flat patterns 4.3 Plybook 
 

M_M01 
Design from offsets 

Automatic body from layers 

Brief definition 

Complete definition 

Manual plybook 

Automatic plybook 

 

M_M02 
Design from offsets 

Automatic body from layers 

Brief definition 

Complete definition 

Manual plybook 

Automatic plybook 
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Modelling and optimization of a sandwich part 

The first method to model a sandwich part is to use a single layer of shell-elements and assign 

the properties of a full laminate including a core ply in the center. An alternative method is to 

mesh the outer and the inner surface with shell elements representing FRP layers. For this 

case, the core is disregarded and the inner and outer FRP layers are not connected. Hence, 

forces or stresses in that region cannot be transferred from one laminate to the other. A third 

method is to model the inner and outer laminates with shell elements. In contrast to method 

two, the core is not disregarded, but modeled with 3D elements. All three methods are shown 

in Fig. . 

 

Fig. 3 - Modelling strategies in a FEA 

The accuracy of the first and second method is highly dependent on the geometry and load 

case of the part. The third method can be considered as most accurate but also most complex. 

In case of geometry changes, the 3D elements have to be changed as well.  

Using the example of the core design, a practical description of the optimization process is 

conducted. The simplest way of core optimization of a sandwich part is to perform several 

iterations of changing the core thickness globally or locally and executing simple FE analyses. 

The preferred modelling strategy is the 1 shell approach. Hence, adding, deleting and moving 

of “core plies” is more or less a manual optimization of properties. The inner and outer 

laminate however, is maintained. Alternatively, a two-step parameter optimization called 

freesize/size optimization is used. Its goal is to calculate an optimized thickness distribution 

of the core ply for given boundary conditions in the first step and to reduce its complexity and 

recalculate thicknesses of automatically added core-plies in the second step.  

 

Fig. 4 - Freesize/size process 
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In the first step, the thickness (parameter t) of every element of the core ply is set as the 

design variable and optimized. As shown in Fig. 4 the thickness results are highly segmented 

and therefore difficult to manufacture. Thus, during the freesize/size step the complexity is 

reduced by combining plies of similar thicknesses to new core plies. This will be executed 

automatically by the software. Furthermore, a highly-segmented core can be combined to 

bigger plies by the user. After the combination of element thicknesses the result is not optimal 

anymore and the second step recalculates the optimal thicknesses of the newly added core 

plies. 

A size optimization can be performed as sole parameter optimization and is particularly suited 

if the regions of different core-thicknesses are fixed. It can be utilized to optimize the 

thickness parameters of previously modelled core plies.  

The most common optimization is a topology optimization, which implies a good overview of 

load paths in a part or in an available volume. The design space must be meshed with 3D 

elements and the material density will automatically be varied for every element. The 

normalized material density of each element should take a value of either 0 or 1, defining the 

element as being either void or solid, respectively. The objective of reducing mass is achieved 

by the optimization target of e.g. maximizing the stiffness under consideration of design 

constraints such as keeping only a fraction of the mass regarding the initial design space. The 

result is an optimized material distribution, showing the ideal load path within the design 

space (Fig. ).  

 

 

Fig. 5 - Topology optimization on a monocoque 

 

Alternatively to the topology optimization, a shape optimization can be conducted. The 

technique of repositioning nodes to quickly change the geometry makes a shape optimization 

a fast tool to evaluate several small geometry changes.  

Vectors, which define a direction in which nodes can be moved, are created in the 

preprocessor. A “morphing”-tool is used to directly manipulate the nodes in the preprocessor. 

Another option is a topography optimization which moves the nodes automatically during 

calculation in the solver after defining an objective and design constraints.  

These tools can be used to change the inner geometry of a sandwich part like a monocoque 

with a global second shell layer (see Fig. on the right). The combination of a shape 

optimization and a parameter-optimization by using different sandwich modelling strategies 

offers the advantages of both sides. In regions, where an important design variable (e.g. 

stiffness) highly correlates with the geometry, discrete changes can be made by morphing a 
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second shell layer. In other regions, the freesize/size optimization can be used to calculate the 

ideal thicknesses automatically (see Fig. on the left). Another advantage of this combination 

is, that a second shell layer is only required locally. 

 

 

Fig. 6 - Difference between 2 shells local and 2 shells global 

 

The evaluation of the possible solutions is carried out on main paths. Due to the following 

reasons this approach is chosen rather than comparing every single tool: The individual 

process steps have different objectives and can hardly be analyzed in isolation. An example 

for this is the shape optimization which can be applied in combination with a preliminary core 

or with no core specified. While the functionality is the same, the effort and possibly the 

result can differ tremendously. Evaluating complete processes with only one module 

exchanged at a time would cause more precise results but at the same time increase the 

number of alternatives to be examined, which would not be sufficient enough.  

The assessment of main paths represents a good trade-off between taking the interactions of 

the tools into consideration and temporal expenditure. During the assessment process, the 

performance of the main paths is determined in a preliminary step (Fig. ) before a complete 

process is assembled incorporating the process durations. 

 

Fig. 7 - Evaluation procedure for main paths 
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The main paths are compared to initial paths which represent a very basic PEP. For the outer 

geometry, the initial path simply implies that the preliminary design of the outer surface 

remains unchanged. For the core, the initial path embodies a global core with constant wall 

thickness using a 1 shell discretization. The initial path of the layup contains a quasi-isotropic 

layup whose thickness is increased until the stress and stiffness requirements are fulfilled. The 

initial path of the manufacturing preparation is equivalent to the main path M_M01 (see table 

2) apart from the body design which is solely performed in CATIA.  

The evaluation criteria are based on the individual objectives of each stage. For this matter 

requirement specifications for each stage are formulated with demands that must be met by 

the main paths and requests which represent the performance criteria. The main paths are each 

awarded 1-10 points corresponding to their improvement relative to the initial path with 10 

points for the highest performance and 1 for the lowest performance accordingly. Since 

stiffness enhancements do not have to be bought dearly with increasing weight during the 

outer geometry stage, the main paths are judged on torsional stiffness. The objective of the 

core stage is to increase the stiffness without disregarding the weight. Therefore, the main 

paths of the core stage are evaluated on their stiffness-to-weight-ratio. The stage layup aims to 

reach the target stiffness at a minimum weight by additionally producing a good 

manufacturability. Before specifying evaluation criteria, it has to be determined how 

manufacturability can be quantified. For this purpose, a manufacturing parameter F is 

defined, which rates the manufacturability depending on the size of the part, the sizes of the 

plies, the number of plies and the distortion angle. The distortion is evaluated based on drape 

simulations with Fibersim. For each ply, the highest distortion angle is judged with an 

evaluation scale taking into account the angle at which a material wrinkles. The size of a ply 

is rated based on how well a ply with the respective size is manageable. This consideration is 

premised on individual experience in prototype construction.  

The pursued approach includes determining the total area of plies to be placed. This area will 

be divided by the classification of ply sizes. Hence, the number of plies will be considered 

high, if the respective part is manufactured solely with very small plies and vice versa. 

Equation 1 (Eq 1.) shows the definition of the manufacturing parameter F. The 

manufacturability is regarded better, the higher the parameter is. 

F: manufacturing parameter 

En: evaluation: number of plies 

nPlies: number of plies 

EA: evaluation: size of plies 

Eγ: evaluation: distortion of plies  

� = t, ∗ ∑ (tu ∗ 	tv),wx2yz
{|.+}~  (1) 

The stage layup is finally evaluated on the criteria mass of the part and manufacturing 

parameter, each weighted 50%. The stage manufacturing preparation is rated depending on 

the quality of the plybook. To determine the quality of a plybook, a requirement specification 

is created and its requests weighted with a ranking method. The plybook quality parameter P 

is composed of the sum of met criteria multiplied with their weighing factor.  

 

RESULTS 

The full PEP is shown in Fig. 8. (upper picture). In an exemplary manner, the modules 2.2, 

2.3 and 2.4 are shown in greater detail (picture below). 
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Fig. 8 - Developed PEP with four major levels, here: detail of the core design 
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The evaluation scheme produces the following results for the main paths. The table illustrates 

the discretization, performance, duration and efficiency of all main paths.  

 
Table 3 - Main path of all stages 

Main paths Discretization Performance 
Duration 

[h] 

Efficiency 

�������������������� � 
Outer geometry 

O_M00: Initial path outer geometry 1 shell 1 9 0.11 

O_M01: Analysis 1 shell 10 14 0.71 

O_M02: Shape optimization 1 shell 10 13 0.77 

Core 

C_M00: Initial path core 1 shell 1 0,5 2 

C_M01: Analysis 1 shell 2 5 0.4 

C_M02: Freesize/Size optimization 1 shell 7 12 0.58 

C_M03: Size optimization 1 shell 1 6 0.17 

C_M05: Analysis of optimized topology 

core 
3D 10 28 0.36 

C_M06: Topology shape optimization 3D 1 31 0.03 

C_M07: Shape optimization 2 shell local 3 2,5 1.2 

Layup 

L_M00: Initial path layup 1 shell/2 shell/3D 5.5 7,5 0.73 

L_M01: Analysis 1 shell/2 shell/3D 6.5 8,5 0.76 

L_M02: Freesize/Size optimization 1 shell/2 shell/3D 9 10,5 0.86 

Manufacturing preparation 

M_M00: Initial path manufacturing 

preparation 
- 3 5 0.6 

M_M01: Brief laminate definition - 9 6.5 1.38 

M_M02: Complete laminate definition - 8 5.5 1.45 

 

For every stage of the process there is a most performing and a most efficient main path. The 

main paths with the shortest duration is always the initial path.  

For the outer geometry, the main path O_M01 and O_M02 have the highest performance but 

not the shortest duration. The main path with the best efficiency is O_M02 shape 

optimization, because the user can quickly iterate shapes of the geometry. Even combinations 

of different shapes can be investigated automatically. To successfully and quickly execute the 

mentioned paths, some software and morphing skills of the user are required.  

The analysis of the optimized topology core (C_M05) has the highest performance for the 

core stage. The discretization with 3D elements and the possibility to optimize the layup of 

the inner mesh/geometry in the next stage assures a high accuracy. On the other hand, this 

discretization takes a lot of modelling time which results in a semi efficient process. The most 

efficient main path is the C_M02 freesize/size optimization. The accuracy is a little bit lower 

but still good and the speed of this two-step optimization method is tremendous.  

In the layup stage, the freesize/size optimization (L_M02) is not only the main path with the 

highest performance, but also the most efficient one. Finding the right optimization 
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parameters requires some experience, but leads to a very light part in a small amount of time. 

An integrative simulation by coupling the structural with the process simulation in form of a 

drape simulation can be used to reduce the deviation of fiber orientations between the digital 

and the real part.  

In the stage manufacturing preparation, the main path M_M02 complete laminate definition 

is the most efficient one due to an automated tool within Fibersim. The missing function of 

adding individual information to an automatically created plybook downgrades the 

performance of the main path M_M02, so that the brief laminate definition (M_M01) 

achieves a higher score.  

The information about performance, duration and efficiency of all tools can be used to 

assemble a customized PEP. The durations of the main paths can simply be summed up. The 

following diagram (Fig. ) illustrates exemplary three different total paths through the whole 

PEP which concentrate on different goals: A fast process, an efficient process and the best 

performing process.  

 

 

 

Fig. 9 - Exemplary PEPs  

 

 

CONCLUSIONS AND OUTLOOK 

The previous results have shown that a generic PEP for sandwich composite parts is feasible 

and that it can help to quantify and assess several design steps before the development starts. 

The example of the manufacturing parameter F has shown, that an experience based indicator 

is a way to quantify and consider subjective facts like the manufacturing within the 

compilation of a PEP. In order to prove the approach and validate the figures the example of a 

generic monocoque was used and lead to three exemplary PEPs with different objectives. 

With this information an evaluation, whether a sandwich composite part is an alternative to 

existing parts or structural components is possible. The potential of estimating the 

development time in advance and the gained benefit in regard of weight saving can lead to a 

significant cost reduction due to the avoided design of inefficient composite parts.  

However, the presetting regarding the used software and hence the limited timeliness of the 

data lead to a constricting framework. Thus, the results reflect the current state of the art 

under the given restrictions and do not claim to be exhaustive. But it allows an organization to 

store and pass on experience regarding the development of sandwich composites and make 

decisions based on this information.  
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Future research will focus on the data management system and the possibility to attach 

META-data to every module in order to generate a preliminary PEP by implementing the 

CAD-Data into a PDM-System.  

 

REFERENCES 

[1]-AVK-Industrievereinigung Verstärkte Kunststoffe e.V., Handbuch 

Faserverbundkunststoffe /Composites - Grundlagen, Verarbeitung, Anwendungen. Springer 

Vieweg, 2014, p. 295 - 325 

[2]-Bergmann, W.H., Konstruktionsgrundlagen für Faserverbundbauteile, Springer-Verlag, 

Berlin, 1992, p. 244-260  

[3]-Bendsoe, M.P., Sigmund, O., Topology optimization: Theory, Methods and Applications, 

Springer, Berlin and New York, 2
nd

 edition, 2011, p. 2 

[4]-Christensen, P.W., Klarbring, A., An introduction to structural optimization, volume 153 

of Solid mechanics and its application. Springer, Dordrecht, 2009. p. 9-34. 

[5]-Cox, H.L., The design of structures of least weight. International series of monographs on 

aeronautics and astronautics. Solid and structural mechanics, 8, 1965, p. 80-115 

[6]-Henning, F., Moeller, E., Handbuch Leichtbau - Methoden, Werkstoffe, Fertigung. Carl 

Hanser Verlag München Wien, 2011, p. 77-113 

[7]-Kober, M., Ein Beitrag zur strukturmechanischen Optimierung realer Bauteile in 

metallischer und Faserverbundbauweise unter Verwendung von wirkebenenbasierten 

Bruchkriterien. Dissertation, Brandenburgische Technische Universität Cottbus, 2011, p.35-

62. 

[8]-Morgan, P., Carbon Fibers and their Composites, Taylor & Francis Group, LLC, Boca 

Raton, 2005, p. 935 - 947 

[9]-Potter, K., AN INTRODUCTION TO COMPOSITE PRODUCTS - Design, development 

and manufacturing. Chapman & Hall, 1997, p. 19-22 

[10]-Puck, A., Festigkeitsanalyse von Faser-Matrix-Laminaten: Modelle für die Praxis, 

Hanser Verlag, München, Wien, 1996, p. 53-102 

[11]-Schmit, L.A., Structural Design by Systematic Synthesis. 2
nd

 Conference Electronic 

Computation, 1960 

[12]-Schürmann, H., Konstruieren mit Faser-Kunststoff-Verbunden, Springer-Verlag, Berlin, 

Heidelberg, 2007, p. 605-629 



Symposium-3: Composite Materials: Theory, Experiments and Applications 

 

 

-1260- 

[13]-Tsai, W.S., A Survey of Macroscopic Failure Criteria for Composite Materials, Journal 

of Reinforced Plastics and Composites, Vol. 3, January 1984, p. 40-62 

[14]-Tsai, W.S., Wu, E., A General Theory of Strength for Anisotropic Materials, Journal of 

Composite Materials, Vol. 5; 58, 1971, p. 58 - 80  

[15]-Verein Deutscher Ingenieure, VDI 2221 Methodik zum Entwickeln und Konstruieren 

technischer Systeme und Produkte. Beuth Verlag, Düsseldorf 1993, p. 4 

[16]-Verein Deutscher Ingenieure, VDI 2014 Development of FRP components (fibre 

reinforced plastics) - Analysis. Beuth Verlag, Düsseldorf 2006, p. 4. 



Proceedings of the  7th International Conference on Mechanics and Materials in Design, 

Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 

Publ. INEGI/FEUP (2017) 

-1261- 

 

PAPER REF: 6722 

 

 

STUDY OF THE EFFECT OF INTERPHASE INTERACTION ON THE 

FRACTURE OF A REINFORCING CARBON FIBER BY A SINGLE 

FIBER COMPOSITE TEST 
 

Izabella Rashkovan
(*)

, Mark Kazakov 

UVICOM Co.Ltd, Mytischy, Moscow reg., Russia 
(*)

Email: turach53@mail.ru 

 

 

ABSTRACT 

It is known, that the failure of a reinforcing fiber in the composite under tensile loading 

occurs according to its strength scale dependence on length. The extent of its fragmentation is 

determined by a level of adhesive interaction on the fiber - matrix interphase. In the given 

work experimentally it is shown, that there is an essential impairment of strength scale 

dependence at reaching length of filament fragments 150-200 micron. Evidently, that breaks 

of fiber with such lengths starts to be determined by not surface flaws, but more uniform 

structural one. The breaking of fragments with such length is accompanied by acoustic 

emission signals with high amplitude. The strength distribution of a carbon fiber changes a 

trend from monomodal to bimodal, owing to an electrochemical surface treatment. The 

second mode is realized only at a high level of adhesion between fiber and matrix. The 

surface fiber treatment leads to the sufficient narrowing of critical length distribution that also 

indicates the change of the nature of strength scale dependence.   

Keywords: interface, carbon fiber, single fiber composite test, strength. 

 

INTRODUCTION 

It is difficult to overestimate the role of interphase interaction of reinforcing filler and 

polymeric matrix in composite. A great number of papers is dedicated to both the 

development of modes of surface treatments of fibrous fillers, modification of polymeric 

binders for strengthening of adhesive interaction, and investigations of interphase 

phenomenon. The most widespread and informative research technique is a single fiber 

composite (SFC) test.  Rather a simple from technical point view   method allows obtaining 

the diverse information on properties of fiber reinforcements, adhesion to a matrix, to 

estimate the effect of fiber surface treatments, of technological parameters and to predict 

elastic - strength properties of real composites [1]. The application of an acoustic emission to 

SFC test essentially enriches this method. The detailed analysis of the obtained experimental 

data allows better to understand the mechanism of composite fracture and to receive the 

information on structure of a reinforcing fiber. The given paper is a sequel of study of the 

effect of carbon fiber surface treatment on realization of their elastic - strength properties in a 

polymeric composite [2].   It is known, that the fracture of the reinforcing fiber in a composite 

under tensile loading is controlled by its scale strength dependence on length. The degree of 

breakdown of a filament in a model composite is determined by a level of adhesion 

interaction between fiber and polymer matrix. The number of breaks of an elementary fiber, 

determined on number of signals of an acoustic emission, is related directly to the average 

length of pieces. The dependence of number of elementary fiber breaks or average lengths of 
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pieces on stress (elongation) of a sample in log-log coordinates is linear up to some value lk. 

After one there is a knee on the graph (Fig.1). During further deforming the process of 

fragmentation slackens, since for a part of fragments the adhesion interaction with a matrix 

breaks. There is the plastic shear on the interface of such pieces with a matrix. At the same 

time pieces with length more than their area of interphase shear continue to break. The 

gradual diminution of number of breaking fragments results in stopping of fragmentation at 

reaching some average length δ. The inequality of values lk and δ testifies to existence of 

broad distribution of critical lengths. It is confirmed by direct measurements of lengths of 

pieces in samples with a transparent matrix [3]. The analysis of the experimental data of SFC 

tests and shear strength of actual composites has allowed the authors to recommend the lk as 

value of critical length for estimation of adhesion strength [3]. However determination of 

critical length and strength scale dependence of fibrous reinforcement does not exhaust at all 

the resources of SFC test due to application of an acoustic emission. In the given paper it will 

be shown how to determine strength of fiber with lengths close critical and on what the length 

the strength of  fiber tends to «flawless» fiber  one. The enriching of interphase interaction 

will be directionally used for the investigation of basic properties carbon fibers.  

   

RESULTS AND CONCLUSION 

In the present study it has experimentally shown, that weakening of strength scale dependence 

occurs at reaching length of pieces 150-200 microns. Obviously, that the fracture of a fiber 

with such lengths starts to be determined by not surface flaws, but more uniform structural 

one. The breaking of fragments with such length is accompanied by signals of an acoustic 

emission with high amplitude. The strength distribution of a carbon fiber changes a trend 

from monomodal to bimodal, owing to an electrochemical surface treatment. The second 

mode is realized only at a high level of adhesion between a fiber and matrix. Thus, the 

directional change of a degree of interphase interaction has allowed approximately to 

determine a level of structural strength and maximal length of fiber, on which one this 

strength is realized. It is possible, that for more perfect fibers, than UKN-01, this length will 

be more than 200 microns. 
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ABSTRACT 

The routine measurements of metallurgical treatments effects in a foundry are in many ways 

empirical and have to be calibrated as well as interpreted to have any value in managing the 

process. It is well known that “analysis” results from a spectrometer sometimes do not reflect the 

truth or match other benchmark test values. With the more widespread adoption of thermal analysis 

testing, thermal analysis data have become an indicator of iron quality. Selected representative 

results are presented, as effects of some important technological factors, such as superheating in 

acid lined, induction furnace, thermal properties of mould media and solidification cooling rate. 

Keywords: high performance cast iron, termal analysis, metal matrix composite. 

 

INTRODUCTION 

Cast iron is more than 70% of the total world metal casting production [more than 70 millions 

tons castings each year], with a great development potential. This material is especially 

attractive to the automotive industry, because of its excellent properties such as castability, 

machinability, heat conductivity and vibration damping capacity, at low cost production. Thin 

walls irons castings [less than 5mm wall thickness] are more and more attractive in this field. 

Ductile iron is also the material of choice for many of the world major wind turbine 

manufacturers. The need to ensure optimum, consistent and safe performance of these 

units makes it imperative that only ductile iron castings of the highest integrity and in 

complete compliance with the specification can be accepted, especially as requirements 

for high impact properties in ductile iron at low temperatures.   

Industrial cast iron is a multi-element [more than 30 elements usually presence] eutectic alloy. 

The crystallization conditions are significantly different from that of equilibrium phase 

diagram measured at very slow cooling rate, using very pure materials, under vacuum 

melting, etc. Non-equilibrium solidification conditions, typically for iron castings in foundry 

industry, favour stable to metastable system crystallization transition, austenitic dendrites 

formation also in eutectic-hypereutectic chemical composition ranges, elements segregation, 

different eutectic solidification undercooling [up to 50
0
C or more], etc.  

Commercial cast iron is a typical multi-phase, natural metal matrix composite, including a ferrous 

matrix at different alloying grade and several phases, each having varying levels of carbon and 

other elements present, such as carbide, graphite, nitride, etc. Cementite has the highest hardness 

(~660 HB), whilst graphite is a relatively soft, low density material, which can act as a lubricant. 

Hardness, machinability, strength, ductility, toughness, thermal properties of the as-cast structure 

are, therefore, influenced by the relative amounts of cementite and graphite. So, high efficiency 
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metallurgical methods need to be investigated, to control solidification pattern of iron castings, 

especially in critical solidification conditions.  

Graphite nucleation sites formation as size, distribution and morphology and their growth pattern 

to obtain different final graphite morphologies (lamellar/flake, vermicular/compacted or 

nodular/spheroidal) could be influenced by modification and/or inoculation treatments. Higher 

graphite particles compactness degree [from lamellar through compacted up to spheroidal form], 

lower their capacity for stress concentration, and as result, higher all of the mechanical properties 

level, especially ductility. Inoculation is a graphitizing treatment of the molten iron, applied to all 

of cast irons, in order to obtain an as-cast structure without carbides and with high quality graphite 

shape (the best expected graphite morphology specifically for each cast iron type). 

 

RESULTS AND CONCLUSIONS 

It was found that some active elements, such as sulphur, oxygen, aluminium, calcium, magnesium, 

rare earth are important to control in-situ carbide / graphite phase formation in cast iron matrix 

composite material, a major purpose of the present paper was to investigate the solidification 

pattern and structure of cast irons, with intentionally critical conditions for graphite nucleation, 

typical for electric melted iron, by thermal analysis technique; this is especially pertinent to the 

production of thin section iron castings.  

Increased chill correlates well with certain thermal analysis parameters, such as the degree of 

eutectic undercooling, referring to the both stable (graphitic) and metastable (white) eutectic 

temperature. Using the elements Al and Zr to precondition the molten base iron before tapping led 

to improved solidification parameters as measured by the most significant thermal analysis cooling 

curve events, in both untreated and inoculated irons. A double treatment incorporating 

preconditioning with inoculation improved the thermal analysis parameters, and consequently, the 

quality of the grey iron. 

A good relationship between the power of inoculants to decrease the eutectic undercooling during 

solidification and their efficiency in reducing the amount of free carbides was found, but also 

depending on the solidification cooling rate. It was found a beneficial effect of a complementary 

addition of an inoculant enhancer alloy [S, O and oxy-sulphides forming elements] with the 

conventional Ca-FeSi alloy, in the production of grey and ductile irons, with higher solidification 

cooling rates, even though the total enhancer addition is only a small fraction of the amount of 

commercial inoculant used [1:3 ratio typically]. The main focus was on the carbides forming 

tendency and the characteristics of the graphite phase, in comparison to Ca / Ca,Ba / Ca,RE-FeSi 

alloys, in an in-mould inoculation technique. 

An experimental device was developed with a technique to simultaneously evaluate cooling 

curves and expansion or contraction of cast metals during solidification. Several key 

parameters were identified which correlate with the peculiar behavior of inoculants as relate 

to graphite evolution and shrinkage sensitivity of ductile iron. Undercooling at the end of 

solidification relative to the metastable (carbidic) equilibrium temperature and the expansion 

within the solidification sequence appear to have a strong influence on the susceptibility to 

macro - and micro - shrinkage in ductile iron castings. With higher maximum initial 

expansion (shortly before the end of eutectic solidification) and / or greater undercooling 

(more negative) at the end of solidification, there is an increase in concentrated and dispersed 

shrinkage volumes, which lowers the apparent density of ductile iron castings.  
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ABSTRACT 

The aim of this project is the development of new architectural products, integrating industrial 

waste of class C and F, generated by companies based in the North of Portugal, namely in the 

fields of foundry, glass and paper. This selection results from technical consulting from 

“Waste to Value” assisted by the contribution of scientific research in geopolymers of the 

laboratory of the University of Minho, consultancy of the University of Trás-os-Montes and 

evaluation of resistance by the Materials laboratory of the University of Aveiro. The flying 

ash from thermoelectric plants, sludge from aluminium anodizing and glass polishing among 

others, offers different plastic and chromatic qualities. When chemically integrated by 

geopolymerization, they exhibit different physical qualities of strength, resistance to use and 

aging. Taking into consideration their physical qualities and, consequently, the resulting 

chromatic, textural and economic diversity, several functional products of wall covering, 

sound barriers and furniture with an expressive aesthetic impact were designed. Exploring the 

plastic qualities of a new brutalist, recyclable and sustainable aesthetic, was born a generation 

of artefacts that we generally call Geodesign, introducing competitive advantages in the offer 

of products for application in tourism, architecture, hotel and urban furniture. It will be the 

design of this brutalist aesthetic that will constitute the factor of evidence to motivate the 

socially inversion of the industrial unsustainability. The project foresees the technological test 

of manufacture, in particular regarded to the pre-treatment in a small scale of residues and 

moulding and finishing processes, evaluating its economical and environment aspects.  

Keywords: architecture, design, geodesign, sustainability, waste. 

 

INTRODUCTION 

Several industrial sectors in the northern region of Portugal, such as foundries, steelworks, 

surface treatments, metal-mechanics and paper production, generate waste (non-hazardous 

and inert), usually disposed of by landfill, not being valued and generating cost, however due 

to their physical and chemical characteristics, it can be used in the manufacture of products 

for civil construction, namely for hotel and urban furniture applications. In view of this, the 

European Commission has defined strategies to guide waste management for their recovery. 

This is particularly the case with Directive 2008/98 / EC, which privileges waste recovery 

solutions to the detriment of disposal, taking into account the environmental issue and the 

shortage of mineral resources on the European continent. It is in this context that strategic 

lines such as the "circular economy" or the creation of "industrial synergies" appear recently, 

in which the aim is to optimize the use of secondary raw materials in the existing productive 
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sectors. It is intended to develop 10 formulations of new composite materials incorporating 

lime-based and geopolymer-like residues for applications in the manufacture of products to be 

developed with Brutalist aesthetics taking advantage of the natural characteristics of the 

material. Brutalism is a controversial, muscular term for a controversial, muscular style born 

during the 60’s, considered to be the high point of architecture in the entire history of 

humanity (B. Calder, 2016).  

 

EXPECTATIONS 

Although it is acknowledged that there’s a problem and an opportunity in the absorption and 

recycling of industrial waste. It is estimated that its viability will inevitably be due to the 

assumption of a new aesthetic and, in this sense, by the inclusion of the consumer in the 

understanding and appropriation of a new generation of products, designed to solve a problem 

(which is everyone's) and not to its aggravation. 

The impact of Geodesign project will depend on the communicational and emotional 

involvement of prescribers and final consumers, whose efficiency can be enhanced by the 

creative participation, not only in the choice of colors and models of geopolymer coating 

materials, but also in the creation of Patterns, environments and, above all, new consumption 

arguments, with a high tourist impact. 

The material nature of these artifacts (floor and wall cladding modules with acoustic, water 

and thermal insulation potential, supporting vertical gardens or floor lighting, visual limiters 

such as sanitary and urban architectural support vessels and Plastic exploration of strong 

textures and brown tonalities that resemble natural and ceramic handicrafts, giving visibility 

to a naturalistic, ecological and traditional expression, very timely in tourism projects of 

architecture and ecotourism. 

Geodesign proposes to integrate hundreds of thousands of tons of industrial waste, 

transforming them into geopolymers of application to architecture and urbanism, for tourist 

valorization of the territory that will present itself with a more natural, ecological and, above 

all, ideologically more timely design in the Exemplification of an active, engaging, 

participative and creative social ethic, which will generate a new trend of taste and 

consumption. This is the intention conveyed by its name: the brand of a chemical recycling 

process but, above all, the necessary emergence of a new design for the Earth. 
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ABSTRACT 

This work tries to give a vast perspective and a critical analysis of the different ways to 

explore Carbon nanotubes (CNTs) in oncologic applications. Furthermore, we intent also to 

give an overview about the concerns about CNTs toxicological effects and possible strategies 

for reduce the risks related with these issues under different in vitro and in vivo scenarios. 

Particular relevance will be given to the potentialities of carbon nanocapsules for the 

development of new strategies for cancer therapy and bioimaging. 

Keywords: carbon nanocapsules, multifunctional nanoplatforms, cancer therapy, bioimaging. 

 

INTRODUCTION 

CNTs have been wide explored during the years for the development of new applications in 

many different areas of biomedicine, with particular relevance on the field of oncology. 

(Serpell, 2016) Great progress has been made using CNTs as a multifunctional nanoplatform 

for detecting cancerous cells, delivering drugs or other therapeutic biomolecules by taking 

fully advantage of its specific 1D nanostructure. However, the success of CNTs in biomedical 

applications have been rather limited by the presence of metallic impurities and lengths in the 

micron range, that promotes bioaccumulation and increase of the carcinogenic risks. 

(Kostarelos, 2008). 

 

RESULTS AND CONCLUSIONS 

The biointerfacial phenomena of CNTs can be accurate by controlled modulation of their 

surface functionalities according to the required biological specifications. It has been reported 

that short and surface functionalized CNTs with can exhibit long circulation time and low 

uptake by the reticuloendothelial system and high tumor accumulation. (Marchesan, 2015) In 

this sense, the steam treatment of CNTs, revealed to be a soft an efficient approach for 

increase biocompatibility though the reduction of metallic impurities and shortening the 

length for both SWCNTs (Ballesteros, 2008) and MWCNTs (Cabana, 2015). Recently, it was 

reported that steam treated short MWCNT, decorated with SPION nanoparticles, are able to 

combine two improved bioimaging modalities (SPECT/CT and MRI) with a high in vitro and 

in vivo biocompatibility (Wang, 2014) 

Beyond the external sidewall functionalization, CNTs offer also the possibility to be filled by 

materials with high therapeutic or bioimaging relevance on its hollow cavity in order to 

develop hermetic sealed carbon nanocapsules. (Martincic, 2015) Spinato et al. reported the 

encapsulation of radioactivable metal halides, SmCl3 and LuCl3, on steam-purified SWCNTs 
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that were subsequently functionalized with monoclonal antibody (Cetuximab). The authors 

observed the in vitro efficiency of this functionalized nanocapsules by studying the 

preferential internalization for cancer cells (U87-EGFR+). (Spinato, 2016) Recently, an 

unprecedented work demonstrated the ability of these carbon nanocapsules to hermetic seal a 

gas for bioimaging. Serpell et al. reported the successful encapsulation of Krypton in 

SWCNTs decorated with peptides for X-ray fluorescence mapping of sub-cellular targets. 

(Serpell, 2016) These new hybrid carbon nanocapsules have showed promising results for 

cancer therapy and diagnosis and we estimate great potential to be explored in the 

combination with many other materials and the new synergistic properties achieved.  

 
Fig. 1 - Schematic representation of a carbon nanocapsule (grey) filled with active material 

(blue) and functionalised with suitable biomolecules for targeting purposes (orange) as a 

novel nanoplatform for cancer therapy. 
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ABSTRACT  

The work is devoted to development of novel heat shrinkable materials based on radiation 

modified ethylene-octene copolymer (EOC) - multi-walled carbon nanotubes (MWCNTs) 

composites. EOC/MWCNTs composites with desired heat shrinkable behavior (thermal 

relaxation stresses > 0.3 MPa and shrinkage stresses > 0.6 MPa), enhanced tensile properties 

and improved radiation resistance have been obtained. Specific structure-property 

relationships have been revealed, justifying the change of determined exploitation properties.     

Keywords: nanocomposites, ethylene-octene copolymer, multi-walled carbon nanotubes. 

 

INTRODUCTION  

Metallocene catalyst synthetized polyethylene copolymers, including ethylene-octene 

copolymers (EOCs), represent the newest generation of thermoplastic polyolefine elastomers.  

Radiation modification of EOCs has shown to be useful (Bhowmick, 2006) for developing of 

cross-linked systems for applications in building and construction, medicine and other sectors 

of national economy. Considerable growth in modulus of elasticity and strength of EOCs has 

been observed along with rising irradiation dose, especially at elevated temperature (Perraud, 

2003). Effectiveness of radiation modification of polymers, including EOCs, however, is 

prevented due to oxidation and chain scission of macromolecular chains. On this score, 

carbon nanotubes have found an application in radiation chemistry of polymers due to the 

ability to exert a radical scavenging activity because of the presence of acceptor-like localized 

states (Watts, 2003).     

In the current research, investigations have been performed on the influence of ionizing 

radiation on the properties of thermoplastic composites based on EOC (with 17 % of 1-octene 

as ethylene co-monomer) modified with MWCNTs at broad concentration range (0-15 wt.%).  

   

RESULTS AND CONCLUSIONS 

It has been determined that radiation induced oxidation of the polymer is considerably 

decreased in the presence of MWCNTs confirmed by decrement of the value of carbonyl 

index (effective amount of MWCNT - 5 wt.%). The studies by infrared spectroscopy also 

confirm the rise of trans-vinylidene group relative absorbances at MWCNT concentrations up 
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to 5 wt.%, testifying about increment of cross-linking degree. Consequently, in the presence 

of MWCNTs gel fraction is increased probably due to structural changes in the polymer-

nanofiller interface: MWCNTs are forming “bridges” between separate polymer 

macromolecules. In the result of radiation modification modulus of elasticity and strength of 

the investigated polymer composites are increased, while ultimate deformation is decreased.  

It is worth of mentioning that gel fraction content of EOC/MWCNT compositions correlate 

with increase of shrinkage stresses up to the optimal filler content of 5 wt. %. For an example 

at this MWCNT content shrinkage stresses of EOC17 nanocomposite, irradiated up to the 

absorbed dose of 150kGy, increase up to 35%. Values of thermorelaxation stresses for the 

compositions increase up to 14% in comparison to neat EOC matrix, testifying about 

improved thermoshrinking properties of the nanocomposites.   

 

Fig. 1 - Thermoshrinking behavior of EOC/MWCNT nanocomposites at various doses of 

absorbed irradiation  
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ABSTRACT  

The work is devoted to the development of carbon nanofillers modified acrylonitrile 

butadiene styrene copolymer (ABS) composites with multi-walled carbon nanotubes (CNTs). 

The method of manufacturing of ABS/CNT nanocomposites has been developed. Structure as 

well as elastic, dielectric and thermo-physical properties of ABS/CNT nanocomposites have 

been determined. It has been determined that addition of CNTs caused considerable increment 

of the modulus of elasticity, electrical conductivity and thermal conductivity of the material.     

Keywords: nanocomposites, acrylonitrile butadiene styrene, multi-walled carbon nanotubes. 

 

INTRODUCTION  

ABS is popular engineering thermoplastics broadly used in the exponentially developing 3D 

printing area, particularly fused filament fabrication (FFF). Rapid development of the FFF 

market determines necessity for novel materials with improved technological properties (int al 

rheological, thermal, thermomechanical, adhesive, organoleptic) and enhanced performance 

characteristics such as mechanical strength, durability and other upon specific demands of the 

customers.  

Development of polymer nanocomposites offer broad possibilities of tailoring the properties 

of the materials for the needs of advanced technologies in energetics, electronics, transport 

and other areas. Nanostructured carbon allotropes have been successfully used for 

modification of broad range of thermoplastic polymers to increase it mechanical, electrical, 

thermal and other properties (Tiwari, 2016) relevant for applications in sensors, 

thermoelectric devices, “shape memory” materials and other smart appliances.   

Consequently, this research is devoted for investigation of elastic, dielectric and 

thermophysical properties of 3D printable ABS nanocomposites with multi-walled carbon 

nanotubes (MWCNTs) in a broad concentration range (0.5 - 20wt.%) for potential 

applications in smart devices.  

   

RESULTS AND CONCLUSIONS 

Storage and loss modules (E’ and E” respectively) vs temperature relationships of ABS 

matrix and its nanocomposite at the highest content of CNTs are depicted in Fig. 1. E’ and E” 
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considerably increase along with rising the nanofiller content within the polymer matrix. 

Along with introduction of CNTs in the ABS matrix, glass transition temperatures of the 

polymer phases (both glass transition temperature of polystyrene moieties Tg-PS as well as 

glass transition temperature of polybutadiene moieties Tg-PB) are shifted to higher 

temperatures testifying about stiffening effect of CNTs on the polymer macromolecules.  

 

 

Fig. 1 - E’(T) and E”(T) relationships of ABS (◇, —) and ABS+20 wt.% CNT 

nanocomposite (ϒ, ---)  

 

Addition of CNTs considerably affects also electrical conductivity (depending on frequency 

up to 6-14 orders at the maximum nanofiller content) and thermal conductivity (up to 130 % 

at the maximum nanofiller content) of the investigated ABS nanocomposites. 

The present research shows that modification of ABS with MWCNTs allows considerably 

improve mechanical, electrical and thermal properties of the investigated composite materials 

for it potential application in 3D printable smart devices. 
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ABSTRACT 

In this study, we pioneerly developed a portfolio of GO-Col scaffolds with distinct 

mechanical properties in order to select the most suitable candidate for tissue engineering 

(TE) applications. The further analysis of the biological, chemical and mechanical features of 

the optimal GO-Col scaffold revealed suitable properties for both static and dynamic cell-

material protocols. 

Keywords: biomechanics, graphene, collagen, scaffolds, biomimetic, bioreactor. 

 

INTRODUCTION 

Nowadays, the in vitro engineering of complex tissues and organs remains one of the major 

goals to be achieved in regenerative medicine. Graphene and its derivatives have been 

extraordinarily explored in several biomedical applications with very promising results [1]. 

The atomic flat structure based on an aromatic carbon macromolecular structure with different 

degree of oxygen functional groups make graphene-based materials particularly interesting as 

a template to house stem cells. Graphene-based materials are able to successfully mimic 

complex cellular microenvironments in 2D or 3D forms, including films, electrospun fibers, 

hydrogels and 3D layer by-layer assembly structures. Indeed, recently it was shown that the 

mechanical stability and physiochemical properties of graphene substrates can be beneficial 

for stem cells, with the capability to influence their basic life activities such as cell 

attachment, proliferation and differentiation [2].  

 

RESULTS AND CONCLUSIONS 

The structural integrity of the GO-Col scaffolds is intimately related with the network of 

repulsion and bonding forces among the two materials, which can be modulated by changing 

the pH of the synthesis medium and the Col/GO ratio (w/w) used. In fact, the evaluation of its 

mechanical and swelling properties showed that the optimal GO-Col scaffold was obtained 

using a pH level of 2 and 24% Col/GO (w/w) ratio (Table 1). Complementary, the XPS and 

FTIR analysis confirmed a successful ionic bonding between GO and collagen, which was a 

critical factor to assemble a heterogeneous porous network able to potentiate a suitable 

cellular microenvironment and therefore enhance the cell-material interactions. 

The GO-Col scaffold was also exposed to several dynamic compression-recovery cycles 

assays performed inside a bioreactor apparatus [3] (Fig. 1) in order to evaluate its potential to 

integrate TE approaches that include in vitro mechanical stimulation. Results showed that 
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independently of the degree of deformation applied (1%, 3% and 7%), the structural integrity 

of the scaffold was not affected, and revealing compression-recovery features compatible with 

dynamic cell culture protocols [4]. 

Table 1 - Properties of the GO-Col scaffold. The scaffolds synthesis parameters are identified as a.b, 

where “a” is the pH of the synthesis medium and “b” is the %Col/GO ratio (%w/w) used. 

Scaffold 

(a.b) 

Swelling ratio 

(after 24h) 

Compressive modulus at dry 

state 

(kPa) 

Compressive modulus at 

wet state 

(kPa) 

2.18 54.52 ± 2.68 12.58 ± 0.55  12.58 ± 0.55  

2.24 44.23 ± 4.00 15.75 ± 0.64  15.75 ± 0.64  

4.18 63.98 ± 5.18 15.20 ± 1.84 15.20 ± 1.84 

4.24 50.13 ± 2.96 17.70 ± 0.64  17.70 ± 0.64  

6.12 70.60 ± 10.07 17.52 ± 1.44 17.52 ± 1.44 

 

 

Fig. 1 - (a) detail of the in vitro cell culture bioareactor apparatus where the scaffold is dynamically 

stimulated; (b) schematic representation of the scaffold/cells interactions inside the bioreactor. 
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ABSTRACT 

In this research work, multi-scale glass fibre/epoxy composites were developed using micro 

crystalline cellulose (MCC). MCC was homogeneously dispersed in epoxy resin using 

ultrasonication energy and glass fabrics were subsequently impregnated with MCC dispersed 

resin to fabricate the multi-scale composites. Mechanical and dynamic mechanical behaviours 

of the developed composites were characterized. It was observed that the flexural strength of 

glass/epoxy composites increased strongly (up to 76%) through addition of only 1% MCC. 

Storage modulus of composites also increased significantly (up to 10%) through MCC 

addition. However, enhancement in mechanical and dynamic mechanical properties reduced 

at higher MCC loadings as a result of MCC agglomeration. 

Keywords: multi-scale composites, micro crystalline cellulose, glass/epoxy composites. 

 

INTRODUCTION 

Addition of functional nano and micro materials to the conventional composites to enhance 

their mechanical, electrical, thermal and other properties is nowadays a common practice. 

Incorporation of these functional materials to conventional fibre reinforced composites led to 

the development of multi-scale composites composed of reinforcements from macro, micro 

and nano scales (Rana, 2016). Among different nanomaterials, carbon nanotubes (CNTs) have 

been widely researched for this purpose due to their remarkable mechanical, electrical and 

thermal properties (Rana, 2009). Recently, interest on bio-based nano and micro materials 

such as nano cellulose is rapidly increasing due to their interesting mechanical and optical 

properties and also owing to their environmental benefits. These bio-based materials are 

already being applied in a wide range of industrial applications such as packaging, 

biomedical, construction, etc. (Parveen, 2017). Looking at the reinforcement potential of 

cellulose based nano and micro materials, this research work has made the first attempt to 

incorporate micro crystalline cellulose (MCC) within glass/epoxy composites to enhance their 

mechanical and dynamic mechanical performances.   

For this purpose, MCC was first homogeneously dispersed in epoxy resin using 

ultrasonication for 1 hour. Then MCC dispersed epoxy resin was used to impregnate the glass 

fabrics using a vacuum assisted resin transfer moulding technique. Composite samples were 

fabricated varying MCC loading from 1-3%. Samples were tested for flexural properties using 

a universal testing machine at a crosshead speed of 2 mm/min and dynamic mechanical 

analysis was carried out in a HITACHI DMA instrument (DMA7100) at a frequency of 1Hz 

and over temperature range of 30 - 180°C.  
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RESULTS AND CONCLUSIONS 

The results of flexural tests are shown in Figure 1 and the average flexural strength data has 

been presented in Table 1.  

 

Table 1 - Flexural test results 

Samples Flexural strength 

[MPa] 

% Improvement 

Glass/epoxy 289.8 - 

Glass/epoxy with 1% MCC 510.2 76.0 

Glass/epoxy with 1.5% MCC 480.2 65.7 

Glass/epoxy with 3% MCC 435.1 50.1 

 

 

Fig. 1 - Flexural load-elongation curves 

 

It can be observed that flexural strength of glass/epoxy composites increased strongly (up to 

76%) through addition of 1% MCC, above which, however, a decrease in flexural property 

improvement was noticed, mainly due to MCC agglomeration. The storage modulus of 

glass/epoxy composites also improved up to 10% using 1.5% MCC.  

 

ACKNOWLEDGMENTS 

This work is supported by Portuguese National Funding, through FCT - Fundação para a 

Ciência e a Tecnologia, on the framework of project UID/CTM/00264/2013. 

 

REFERENCES 

[1]-Rana S, Fangueiro R. Advanced Composite Materials for Aerospace Engineering. 

Woodhead Publishing, 2016.  

[2]-Rana S, Alagirusamy R, Joshi M. A review on carbon epoxy nanocomposites. Journal of 

Reinforced Plastics and Composites, 2009, 28, p. 461-487.  

[3]-Parveen S, Rana S, Fangueiro R. Macro and nano dimensional plant fibre reinforcements 

for cementitious composites. In: Sustainable & non-conventional construction materials using 

inorganic bonded fiber composites. Woodhead Publishing, 2017. 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 

 

 

Proceedings M2D2017 
7th International Conference on Mechanics and Materials in Design 

Albufeira/Portugal, 11-15 June 2017 

SYMPOSIUM-5 

Economy, Management and Technology in Construction 

Coordinators: 
Álvaro Azevedo(*) and Maria João Silva(*) 

LNEC - Laboratório Nacional de Engenharia Civil, Portugal 

(*)
Associate Editor for the papers in this Symposium 



 

 



Proceedings of the  7th International Conference on Mechanics and Materials in Design, 

Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 

Publ. INEGI/FEUP (2017) 

-1281- 

 

PAPER REF: 6733 

 

 

PROPOSED MODEL FOR ECONOMIC DATA COLLECTION 
OF THE BUILDING USE STAGE 
 

Pedro Pereira1(*), Filipa Salvado1, Nuno Almeida2, Paula Couto1 
1
Buildings Department, LNEC, Lisbon, Portugal  
2
Instituto Superior Técnico, University of Lisbon, Lisbon, Portugal 
(*)
Email: pedrodcpereira@gmail.com  

 

 

ABSTRACT 

The Life Cycle Cost (LCC) methodology is an important tool in the Architecture, Engineering 

and Construction (AEC) sector. It promotes proper management of the resources involved. 

The use stage is a relevant stage in the building life cycle, because it covers an extended range 

of time with several economic variables with associated uncertainty. Accurate cost estimation 

during this stage thus contributes to improve the economic performance throughout the 

building life cycle. 

This paper aims to present a model for economic data collection through the buildings use 

stage in accordance with the recent European standards. A case study related to buildings 

demonstrates the benefits of the proposed model and its integration in building economic 

performance assessments.  

Keywords:  buildings, life cycle cost, use stage. 

 

INTRODUCTION 

Until recently, the attention of stakeholders was mainly directed toward reduction of 

construction costs, and only a few paid attentions to the reduction of maintenance and 

operation costs of buildings. While architects and planners can refer to several tools for the 

planning and calculation of construction costs, calculation methods for use costs are scarce 

and not very accurate. It has been reported that between 70% and 85% of the building 

maintenance and operation costs can be influenced during the design stage, which is a 

significant part of the total building life cycle costs (Biondini and Frangopol, 2008). 

Long-term economic sustainability represents an important factor in the AEC sector. To 

assess the buildings economic sustainability the LCC approach can be used. LCC is defined 

as the cost of a building throughout the consecutive and interlinked stages in its life, while 

fulfilling the technical and functional requirements (EN 15643-4). 

In the sustainability context, several standards, related to the LCC have been published, such 

as EN 15643-4 and EN 16627. On the other hand, EN 16646 related to maintenance within 

physical asset management, highlights the importance of the use stage throughout the building 

life cycle. 

A model for structuring data collection and the economic information of buildings during the 

use stage is presented. This model can be applied to all types of buildings and is intended to 

be used as a tool to improve decision-making processes related to building projects. 
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RESULTS AND CONCLUSIONS 

The building life cycle economic information is divided in three groups (EN 15643-4 and EN 

15643): i) before use stage; ii) use stage; iii) and after use stage. Table 1 shows the 

organization and the types of costs to be included, according to the proposed model, for 

economic data collection during the use stage of buildings. 

Table 1 - Model for economic data collection 

Use Stage Typical scope of costs 

Use 
Building-related facility management costs; Cyclical regulatory costs; Building-related 

insurance costs; Subsidies and incentives; Professional fees. 

Maintenance 

Costs related to all components and products used in maintenance activities; Cleaning; 

Land and garden maintenance costs, consistent with the environmental assessment; 

Costs related to processes to ensure functional and technical building performance; 

Redecoration; Disposal inspections at end of lease period; End of lease; Taxes on goods 

and services; Subsidies and incentives; Professional fees. 

Repair 
Repair of minor components / small areas; Repair of major systems and components; 

Costs related to repair waste management; Taxes on goods and services; Subsidies and 

incentives; Professional fees. 

Replacement 

Replacement of minor components / small areas; Replacement of major systems and 

components; Costs related to replacement waste management; Revenue from sale 

goods, elements or components; Taxes on goods and services; Subsidies and incentives; 

Professional fees. 

Refurbishment 

Costs related to new building components; Costs related to planned refurbishment; 

Costs related to building adaptations; Costs related to refurbishment; waste 

management; Revenue from sale goods, elements or components; Taxes on goods and 

services; Subsidies and incentives; Professional fees. 

Operational 
energy use 

Energy costs related to fuel and electricity for heating, domestic hot water, cooling, 

ventilation, lighting, power and other systems; Taxes; Subsidies and incentives. 

Operational 
water use 

Costs related to water for consumption, sewerage, hot water, irrigation, roofs or green 

facades, heating, cooling and ventilation, specific systems; Taxes; Subsidies and 

incentives. 

The proposed model is applied to a case study related to school buildings in order to plan and 

predict the use stage costs. It is shown that the results can be incorporated in LCC 

assessments. 
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ABSTRACT 

Stakeholders seek explicit and accurate information about the economic performance of 

sustainable facilities from the onset of and throughout its life cycle. This document provides 

an overview about Life Cycle Cost (LCC) and Facility Management (FM) concepts, covering 

their scientific developments, application areas, existing guidelines, standards and regulations. 

Scientific research usually bypasses the most recent LCC standards, including some valuable 

knowledge and experienced acquired through application by practitioners in real case 

scenarios. Background information and knowledge is crucial for structuring major lines of 

research and contextualize contributions. 

Keywords: life cycle cost, facility management, background knowledge, building, 

contributions. 

 

INTRODUCTION 

The Architecture, Engineering and Construction (AEC) sector faces the increasingly need to 

follow guidelines for a more sustainable built environment. The relevant stakeholders in this 

sector more and more intend to adopt a sustainable life cycle approach. Thus, there is growing 

interest on the estimation of the economic consequences, in the long-term, of the initial 

investment decisions. 

To support and encourage the use of methodologies based on the LCC concept, several 

standards (ISO 15686-5, ISO 15392, ISO 21929, EN 15643), Guides, Reports and 

publications have been published. The concept of building sustainability is also considered. 

The Directive 2014/24/EU on public procurement highlights the importance of a LCC 

approach (Salvado, et al.; 2016). 

Since 1970s, several scientific studies have addressed the LCC concept (Goh and Sun, 2016), 

as well as applications of life cycle costing (Sterner, 2000). The main challenge for the 

application of LCC is the costs prediction along all phases of buildings life cycle. This has 

been highlighted by the scientific studies that use historical data (Arja et al., 2009), define 

costs probabilities distribution (Cole et al., 2000), present methods for costs prediction or 

define costs indicators (Ive, 2006).  

On the other hand, in the last decades, several scientific studies related to FM activities have 

been published (Armstrong, 1984; Lavy et al., 2014). More recently, international standards 

dealing with FM activities are being developed (ISO 41000 series) or have already been 

published (EN 15221). These standards embrace a wide range of topics, including processes, 

activities and data collection. 
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RESULTS AND CONCLUSIONS 

The overview of the LCC approach showed that about 10% of the scientific research in the 

field of LCC if focused on buildings as a whole. The vast majority of the scientific materials 

are related to engineering infrastructures (transports, water, etc.), energy consumptions, or 

materials. On the other hand, about 5% of the scientific publications covered under the 

overview of the FM approach mentions the lifecycle costs of buildings. An objective linkage 

between LCC and FM approaches is not presently being explored within the scientific 

community, especially as regards building facilities. Moreover, scientific research usually 

bypasses the most recent LCC and FM standards, including some valuable knowledge and 

experienced acquired through application by practitioners in real case scenarios. However, 

there are various challenges in the field of LCC that remain unsolved. Also, the taxonomy 

used in the fields of LCC and FM is not entirely coincident, even when the aspects being 

addressed are substantially the same. 

LCC approach applications within the AEC sector are rapidly increasing, but the underlying 

methodology of the LCC models that are used is often variable. Also, there is a growing 

awareness of the limitations of the current LCC approaches. Further insights into approaches 

that may provide more reliable outputs from the application LCC concept are needed. The 

authors considered the hypothesis that such insights can stem out of FM activities and 

conducted an overview that sets a background knowledge and shows that there are links to be 

explored within these two interrelated main fields of knowledge (LCC and FM).  
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ABSTRACT 

The background knowledge about Life Cycle Cost (LCC) and Facility Management (FM) 

supports the design and development of a comprehensive LCC-based methodology towards 

the systematic and continuous improvement of the economic performance of buildings 

throughout its life cycle. It also frames it into a Plan-Do-Check-Act management cycle. It 

highlights and covers the most important and critical building project management activities 

throughout sustainability. It also provides a framework for widespread LCC application in the 

Architectural, Engineering and Construction (AEC) sector and decision-making tools in FM, 

by enabling a standardized taxonomy for economic data collection during the sustainability 

life cycle of building projects. 

Keywords:  life cycle cost, facility management, buildings, economic performance. 

 

INTRODUCTION 

Over their life cycle, constructed assets demand for a considerable amount of resources and 

trigger transformations with important economic consequences. The economic performance 

of buildings may be assessed at an early stage along with the decision to build or at any point 

afterwards. Information is needed to support these assessments. 

The LCC approach became popular in the 70s and since then it has been influencing the AEC 

sector. Its development involved gradual changes (Goh & Sun, 2016). Recently, the European 

Directive 2014/24/EU and several standards (ISO 15686-5, EN 15643-4) establish the 

foundations for enhancing LCC applications. On the other hand, in the last decades, several 

scientific studies related to FM activities have been published (Nor, et al., 2014). More 

recently, international standards dealing with FM activities are being developed (ISO 41000 

series) or have already been published (EN 15221). These standards embrace a wide range of 

topics, including processes, activities and data collection. 

The proposed methodology frames within the management principles of the Plan-Do-Check-

Act (PDCA) cycle. The strategy of using the PDCA cycle for designing the proposed model, 

using LCC assessments as a focal point, ensures that the resulting output is robust and 

comprehensive and that it adheres to principles such as consistency, generality, simplicity, 

correspondence with existing initiatives and adaptability (Almeida et al., 2015). 

A discussion on the linkage between LCC and FM is provided, highlighting the benefits in 

terms of information exchange for the various stakeholders along all phases of the building 

life cycle.  
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RESULTS AND CONCLUSIONS 

The background knowledge of the proposed LCC-based methodology ranges from scientific 

papers, reports, guides and other items published within both regulatory and non-regulatory 

environments. It can be categorized into three levels of contribution (H - higher, M - medium 

and, L- lower), as shown in Table 1. 

Table 1 - Background knowledge contributions levels 

 LCC LCC LCC LCC FM FM 

 Scientific 
papers 

Other 
Publications 

Regulatory 
environment 

Non-
Regulatory 

environment 

Scientific  
papers 

Non-
Regulatory 

environment  

Plan LCC assessment L M H H L M 

Do LCC assessment L L - - L - 

Check LCC assessment M L - M L M 

Act LCC assessment M L - - H - 

The Plan of LCC assessments, have been sufficiently addressed by both regulatory and non-

regulatory environments. However, the existing background knowledge shows that the actual 

Do LCC assessments and the applicability of LCC and FM standards such as ISO 15686-5, 

ISO 41000, EN 15221 and EN 15643-4 still needs to be clearly tested (Check and Act LCC 

assessment). 

The main goal of this methodology is to improve the economic performance of buildings 

while addressing the recent challenges imposed by regulations such as the European Directive 

2014/24/EU. It can be used by several stakeholders, in AEC sector, throughout all phases of 

buildings life cycle, such as engineers, architects, facilities managers, facilities owners, 

regulators and authorities, banks and insurance companies and end-users. 
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ABSTRACT 

In the present paper, some strategies  for the rehabilitation of reinforced concrete buildings 
supported on "pilotis" are presented and it is proposed the development of a CBA for the 

same structure with and without the different selected interventions. Through the estimation 
of the costs associated with interventions for each solution used, and the assessment of the 
benefits that each solution added to the structure, it is intended that the application of a cost-
benefit analysis model (CBAM) would support the stakeholders decision of the in a 
rehabilitation process for certain buildings. 

Keywords: reinforced concrete structures, pilotis, structural rehabilitation, cost-benefit 
analysis, decision support. 

 

INTRODUCTION 

The last high intensity earthquakes occurred in Europe revealed that many cities or regions 
may suffer significant human and economic losses, because of the vulnerability of some 
reinforced concrete buildings without earthquake-resistant design. Most of these buildings, 
built until the end of the 1970s, have poor seismic resisting capacity. This fact results from the 
structural regulation at the time did not include any specific criteria for seismic design (Falcão 
Silva et. al.; 2014).  

In the actual situation the country experiences, economic and efficient rehabilitation 
interventions in existing buildings should be assumed as priorities. The selection of 
techniques to be implemented should include a cost estimate, encompassing the respective 
work and disturbances, as well as an estimate of the benefits of the intervention (Mishan; 
1998) (EVALSED; 2013).  

The present paper presents three seismic strengthening solutions applied to a reinforced 
concrete building built during the 1950s, being analyzed the cost of each solution, in order to 
contribute to the implementation of cost-benefit analysis for the rehabilitation solutions 
choosing. 

 

RESULTS AND CONCLUSIONS 

For a case-study it was selected a reinforced concrete building located in Lisbon, representing 

one of the most vulnerable typologies in case of an occurrence of a seismic event. The 
selected building belongs to a set of housing units, representative of the reinforced concrete 
building without earthquake-resistant design, characteristic of the 1960s. The buildings units 
under study correspond to an example of the Modern Architecture in Portugal (Tavares da 
Silva et. al; 2016a). 
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The case-study building has constructive characteristics that allow the introduction of several 

reinforcement solutions, such as: i) metallic bracing; ii) reinforced concrete bearing walls; iii) 

reinforced concrete jacketing of columns. The efficiency of the proposed solutions may be 

assessed taking into account: i) the improvement of the seismic performance of the building; 

ii) the costs of each strengthening strategy; iii) the relationship between costs and benefits 

which may include, in addition to the direct reinforcement cost, the interventions costs in 

building repair for any damage resulting from seismic actions, the damage repair costs in the 

"filling" and, even, the "costs" of human losses (Tavares da Silva et. al; 2016b). 

Non-linear static analysis, i.e. adaptive pushovers, was performed for that building. Data from 

adaptive pushover analysis allowed tracing the capacity curves, displacement profiles and 

drifts. The resulting capacity curves indicate that the metal bracing was the technique which 

provided a higher increase for the initial stiffness. 

The use of methodologies based on cost-benefit analysis (CBA) may contribute in a very 

positive way to the decision process concerning building rehabilitation investment projects 

(Falcão Silva et. al.; 2014). The software M-MACBETH (M-MACBETH; 2016), used in the 

scope of the work developed, provides a methodology to support decision process by 

evaluating the different options of a project, taking into account a multiple criteria analysis, 

which is one of the parts of CBA methodology. 

Based on the assumptions considered, the M-MACBETH software calculated the overall 

weighting of each of the solutions considered, and it was observed that the intervention option 

with the highest benefit corresponds to the metal bracing, with a score of 89.25. It appears 

that the option corresponding to the lowest value of the ratio cost / benefit (C / B) represents 

the most favorable option because it represents a major benefit for the same cost. The most 

attractive technique corresponds to the use of metallic bracing with a C / B of 687.65 against 

C / B 895.69 and 1278.12 for structural rehabilitation using reinforced concrete jacketing and 

reinforced concrete bearing walls addition, respectively (Tavares da Silva et. al; 2016b). 
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ABSTRACT 

The Life Cycle Cost (LCC) concept as a supporting decision-making tool is addressed in 

various international and European normative documents. This paper proposes a model with a 

standardized structure to collect all costs involved in the life-cycle of a building. The structure 

follows the requirements of the European standards EN 15643-4 and EN 16627 and supports 

the economic performance assessment of buildings.  

Keywords: life cycle cost, buildings, economic performance. 

 

INTRODUCTION 

The future costs should be considered along with the initial capital if the best outcome is to be 

achieved (ANAO, 2001). LCC is a support tool to make decisions, reflecting the real impact 

of an investment.  

There are several standards that highlight the importance of LCC to a better management of 

the Architecture, Engineering, Construction and Operation (AECO) sector. EN 15643-4 and 

EN 16627 are recent and important normative documents related to buildings economic 

performance. 

EN 15643-4 (2012) provides specific principles, requirements and guidelines for the 

assessment of the buildings economic performance. These measures quantify economic 

aspects and impacts of the building, as well as the related costs. Several economic indicators 

are established to describe the economic performance. 

EN 16627 (2015) was published in order to provide a calculation method for the assessment 

of the buildings economic performance. This standard, that intended to support the decision-

making process, makes available documentation for the assessment and complements the 

framework as described in EN 15643-4. 

 

RESULTS AND CONCLUSIONS 

The Model for Data Collection (MDC) throughout life cycle intends to simplify the assemble 

of the different costs involved in a building life cycle. The MDC organizes the economic 

information into modules, corresponding to the different life cycle stages. Each stage has cost 

categories that are discriminated in cost types.   
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The life cycle of a building is divided into 3 stages: before use stage (modules A0 to A5); use 

stage (after delivery of the building: modules B1 to B5, not related to the building in 

operation, and modules B6 and B7, related to the building in operation); after use stage or end 

of life (modules C1 to C4). The different stages have been divided into categories - which 

corresponded to the indicated modules - and these, in turn, are discriminated in cost types. 

The results are presented in Table 1. 

Table 1 - Modular Structure of the MDC 

STAGE COST CATEGORIES COST TYPES 

w
Q

B
E
F
O

R
E
 

U
S
E
 S

T
A

G
E

 Pre-construction A0 Land A0.1 - A0.3 

Product 

A1 Material Supply A1.1 - A1.3 

A2 Transport A2.1 - A2.3 

A3 Manufacturing A3.1 - A3.3 

Construction process 
A4 Transport A4.1 - A4.5 

A5 Installation process A5.1 - A5.17 

U
S
E
 S

T
A

G
E

 

Use stage 

B1 Use B1.1 - B1.6 

B2 Maintenance B2.1 - B2.10 

B3 Repair B3.1 - B3.4 

B4 Replacement B4.1 - B4.5 

B5 Refurbishment B5.1 - B5.7 

B6 Operational energy costs B6.1 - B6.8 

B7 Operational water costs B7.1 - B7.7 

A
F
T
E
R

 U
S
E
 

S
T
A

G
E

 

End of life stage 

C1 Deconstruction C1.1 - C1.6 

C2 Transport C2.1 - C2.4 

C3 
Waste processing for reuse, 

recovery or and recycling 
C3.1 - C3.5 

C4 Disposal C4.1 - C4.4 

 

EN 15643-4 is the framework for evaluation methodologies to be applied to all types of 

buildings. The followed approach expresses economic performance in terms of cost over the 

life cycle. In this concept, the “lowest LCC” building over its life cycle is the most economic 

one. In this approach only cost data needs to be gathered. 

EN 16627 specifies methods and rules for cash flows calculations based on LCC analysis. Net 

Present Value (NPV) is a measure used in an LCC analysis. When only costs are taken into 

account, the NPV may be called the Net Present Cost (NPC). To calculate NPV/NPC is 

necessary to specify the discount rate to be used for the calculation. But first, the value of the 

different items of the economic assessment shall be calculated without any discount rate and 

only when the assembly of costs and its time occurrence is done may that rate be applied. 
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ABSTRACT 

The present document demonstrates the applicability of a Model for Data Collection (MDC) 
throughout the life cycle of building projects in accordance with the requirements of recent 
European standards (EN 15643-4 and EN 16627). A case study of school buildings is selected 
and the historical data related to construction and rehabilitation phases of its life cycle is 

collected using the requirements of MDC. An analysis of this economic information is carried 
out, which allows validating the pertinence of the use of MDC for buildings life cycle 
economic assessments. 

Keywords: life cycle cost analysis, school buildings, construction, rehabilitation. 

 

INTRODUCTION 

A model for economic data collection through the buildings life cycle (MDC) in accordance 
with recent European standards was developed (Almeida, 2016). The case study selected 
consists in a set of 6 Portuguese school buildings (named E1 to E6) with a construction date 
into the period 1936-1968. The rehabilitation year for all case studies is 2009. The 
rehabilitation involved the refurbishment of existing buildings, the construction of new 
buildings and the rearrangement of surrounding areas. 

According to the information required in MDC, for the construction phase, the following 
scope of costs are collected: general construction/installation process (A5); transports into the 

construction site (A5.9); products and materials installation (A5.10); construction supervision 
(A5.16); and professional fees (A5.17). For the rehabilitation phase, the following scope of 
costs are collected: planned adaptations and refurbishment (B5.2); waste management (B5.3); 
enlargement (B5.6); and landscaping (B5.7) (Almeida, 2016). 

The comparison between costs occurred in different years requires the application of a 
discount rate. Net Present Cost (NPC) is used and represents the sum of the discounted future 
cash flows. NPV is a standard measure in LCC analysis, used to determine and compare the 
costs effectiveness of proposed options. In the present case study, the cash flows occurred at 
different time periods are converted to a common time reference (2016). EN 16627 indicates 
that, for the purposes of comparability, the NPC should be undertaken with a real discount 
rate of 3% per year. 

 

RESULTS AND CONCLUSIONS 

Figure 1 shows the results (in percentages) of the collected costs for the construction (A) and 

rehabilitation (B) stages. 



Symposium-5: Economy, Management and Technology in Construction 

 

 

-1292- 

 

Fig. 1 - Construction (A) and rehabilitation (B) costs collected into MDC 

 

 

Figure 2 shows the dispersion, in percentages, of the total cost of construction over the years. 

 

 

Fig. 2 - Total cost of the construction stage 

 

The MDC application is transversal to all buildings and intends to be a tool in the decision 

process at any stage of the building life cycle. Its implementation can begin at any stage, 

allowing a global view of the costs involved in a building. The correct completion of the 

model and estimation of future costs, ensure that decisions are more informed, economic, 

sustainable and reliable. 
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ABSTRACT 

This paper is based on the master's dissertation of the first author, developed under the 

existing protocol between LNEC and FCT-UNL, whose subject is "Structuring 

Interoperability between BIM objects and the application ProNIC in the specialty of 

installations” and aims to develop a methodology for linking Building Information Modeling 

(BIM) with a Portuguese application, Protocolo para a Normalização da Informação Técnica 

da Construção (ProNIC) (Consórico ProNIC, 2015), in the specialty of building installations, 

without exploiting the computing component of the connection, only based on the semantic 

link. This methodology will be applied to a case study that concerns an underground parking 

in a commercial building located in Portugal. 

Keywords: BIM, ProNIC, interoperability, IFC, commercial building. 

 

INTRODUCTION 

Over the last decades, the construction sector did not follow the technological evolution 

observed in other sectors. Although there have been technological innovations, which include 

BIM and ProNIC, they are not implemented, resulting in a lack of quality in the sector 

(Monteiro & Martins, 2011). 

The BIM methodologies allow to work with specific objects adapting them to the space and 

the surroundings, through the modeling and parametric relations. Its functionality, which goes 

beyond the spatial 3D, helps to minimize problems with costs, deadlines and information 

exchanges. BIM is already being implemented in several European Union countries, 

particularly in those that are investing more in technology. In other countries throughout the 

world, its implementation has contributed significantly to the success of projects and 

construction works. In Portugal, although the evolution is notorious, there is still a path that 

must be taken, so that this sector of the economy can also play an important role in the 

European Union (Gonçalves, 2014). 

ProNIC is a computing platform that has in its constitution a system with the capacity to 

describe all the construction works with all the specifications, technical and standardized 

information regarding the legislation. This system also allows for the immediate creation of 

the bill of quantities, the map of detailed  measurements and the budgets as well as the 

specifications of all the works that are the object of buildings (Henriques, 2012). 
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RESULTS AND CONCLUSIONS 

The work developed aims to analyze the potential of the interconnection between the BIM 

methodologies and the standardization software ProNIC, applying it to a case study about an 

underground parking of a commercial building. This connection will be made through 

Industry Foundation Classes (IFC), which allows the transaction of standardized data to be 

exchanged between information systems, with the least possible loss of information. This 

symbiosis leads to gains in both new and rehabilitated construction and will allow the 

information produced to be compiled and organized automatically. 

Applied to a parking of an existing commercial building, the present work will be divided into 

three phases: i) the first one is about modeling in BIM using Revit software; ii) the second, 

aims to insert the construction work of the previous phase in the ProNIC platform; iii) in the 

third stage, a linking methodology will be established between BIM and ProNIC. This 

methodology consists in: 

i. Evaluate the standardized information contained in both the software used for BIM 

modeling and the ProNIC application; 

ii. This evaluation will allow to identify the information that is common in both systems 

and the designation used for it in each system; 

iii. The common information may have a direct link between BIM and ProNIC and it is 

sufficient to introduce it only once in one of them, assuming that there is an effective 

link; 

iv. The application ProNIC complements the BIM model and uses the entire information 

to generate all the written information needed to execute a project. 
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ABSTRACT 

This paper analyses the interoperability challenges within the Architecture, Engineering, 

Construction and Operation (AECO) sector. The main focus is how the existing national 

information systems can be integrated with BIM (Building Information Modelling) models 

for a collaborative environment using IFC. Given the heterogeneity of data, the available tools 

and the stakeholders, it is necessary to take advantage of syntactic and semantic 

interoperability techniques, using standardization efforts, but also data transformation, 

migration and integration techniques, usually applied in the area of information systems. 

Keywords: ISO 16739, interoperability, IFC, BIM models, AECO sector. 

 

INTRODUCTION 

As regards BIM models, the buildings life-cycle have an evolution where specific phases and 

engineering projects must share models and contribute with their results to increase the 

overall model. Challenges and needs for an adequate interoperability between all stakeholders 

emerge. In fact, they would benefit from a collaborative environment, in which, 

interoperability is the key factor in order to avoid inefficiencies through the exchange of 

information between the several phases of the building life cycle (Minho et al., 2015). 

Interoperability, sharing and collaboration are common and recognized challenges in the field 

of information systems, where normalization techniques, such as the use of standardized 

formats, are important factors to address these challenges. buildingSMART International 

(bSI) is working on the development and use of open standards for BIM to improve 

interoperability, sharing and collaboration throughout the buildings life-cycle (bSI, 2016). As 

a result of the effort developed and maintained by bSI, the Industry Foundation Classes (IFC) 

(Regateiro et al., 2013), which correspond to the ISO 16739, is a neutral and open format 

specification of a recommended model to describe AECO data (IFC4, 2016). 

 

RESULTS AND CONCLUSIONS 

Interoperability is defined as the ability of two or more systems, products or components to 

exchange and use information without significant human effort (IEEE, 1990). In ISO 16739 

the IFC are specified as well as the conceptual data schema and file representation format for 

BIM models. Although not used directly by commercial BIM tools, IFC can be used as a data 

transport format to promote interoperability across multiple systems, applications, and 

stakeholders. Different stakeholders in a building project require different levels of detail and 
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can produce and modify different parts of the model. The ability to manage the same model in 

multiple ways across multiple parties is a challenge for the AECO sector. 

Interoperability requirements become more challenging when considering scenarios where 

relevant information (especially alphanumeric data) is managed by external data sources 

(material catalogues) and must be integrated to extend and enrich BIM models. 

Interoperability is possible, or at least simplified for the AECO sector, by implementing and 

adopting standards, such as the IFC data model. The adoption of standardized formats 

contributes to the syntactic interoperability between various systems. Syntactic 

interoperability can be solved by Extraction-Transformation-Loading (ETL) processes, where 

heterogeneous data sources are extracted and transformed in order to produce a homogeneous 

and coherent set of data. The buildings life cycle can be seen as a continuous process in which 

new data are integrated into a homogeneous model through multiple successive ETL steps 

(Falcão Silva, et al., 2016). Migration is one of the most common types of transformations 

required in interoperability ETL processes. According to ISO 42010 the loss of data in the 

migration processes may imply the loss of important information. 

The process of transformation and valuation within the building life-cycle is executed 

continuously and incrementally, involving multiple stakeholders, different tools and data 

representations. This can be seen as a sequence of transformations, in which the result of each 

step will be used as the source of the transformation in the next step. At the end it is possible 

to obtain a BIM model enriched with all the information that has been produced during the 

building life-cycle. 
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ABSTRACT 

In the present paper is made the real estate for public buildings, based on existing 

methodologies available in order to provide technical and economic data which enables the 

validation of contract rents. This type of study arise from the owners needs to have an asset 

evaluation property that will exempt from possible commercial interests, since it considers 

that the amount of the rent is not representative of market values. 

Keywords: real estate, public building, rent value. 

 

INTRODUCTION 

A market is a system where goods and services are transacted between stakeholders (buyers 

and sellers) through value mechanisms. This concept implies the ability of stakeholders to 

carry on their activities without restrictions (Xiaojun and Beibei 2011). The "supply and 

demand principle" establishes the value of a good or service into the market, through the 

balance between supply and demand. This value varies inversely with the supply, of the good 

or service, and directly with the demand (Couto, 201). 

The present paper aims to obtain a real estate evaluation of a public building based on the 

existing methods available. It provides the owner with technical and financial information that 

allows the judgement on the asset value. This real estate evaluation is carried out using 

several calculation methodologies with the main objective of a versatile and consistent result. 

 

RESULTS AND CONCLUSIONS 

Three evaluation methods are recognized in many countries in the process and are generally 

applied in the real estate evaluation: i) the comparison method (M1); ii) the income method 

(M2); and iii) the cost method (M3) (Graham and Heurkens, 2016; Hromada, 2015). Each of 

these three evaluation methods is based on the substitution principle, which postulates that 

when a number of similar goods or services are available, the lowest price attracts the highest 

demand (CMVM, 2011). So, a prudent person would not pay for a good or service more than 

the cost of acquiring another good or service that replaces it in an equally satisfactory manner 

(in the absence of complicating factors such as time, risk or other inconvenience). 

The results from the real estate of the public building studied are shown in Table 1 and are 

obtained assuming that asset is free of any liens or charges, or any easements or restrictions of 

public utility. The appraiser do not maintain any subordinate employment relationship with 

the owner, nor does it hold, directly or indirectly, any participation in relation to the real 

estate investment fund in which the asset subject is integrated to do this evaluation. 
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Table 1 - Real estate values 

Method Description Value (€) 

M1 
Simulation of the asset tax value (building and parking) based 

on the expression defined in article n.º 38 (CIMI, 2016) 
19.299.750,00 

M2 Asset value considering the rent raised by real estate developer 35.436.770,00 

M3 Estimated asset value based on values of real estate developer 19.944.710,00 

 
 

The M1 is calculated in order to validate the equity values calculated by the other methods. It 

is noted that the M3 value is similar and it is considered that it may be slightly lower than the 

equity value of the asset under evaluation. Taking into account article n.º 76 (CIMI, 2016) and 

the asset characteristics (the exceptional areas and architecture, as well as its privileged 

location that differentiate it from the standard), this asset may be considered to be up to 15% 

higher than the values obtained. The M2 value is significantly higher than M1 and M3, 

considering that it is also well above the real estate value of the asset under evaluation. 

In this study it is considered an average market rate of return for services buildings which 

presupposes income through its main activity. This is not valid because the services installed 

in the building are public without generate an effective wealth. The asset under evaluation has 

a specific use and user as well as unique characteristics. Its real estate value is not directly 

related to the market values in the surrounding area. In this context, the concept of “utility” 

should be taken into consideration, which is particularly important in non-market based assets 

evaluations. 

Further analysis to other building types, should be performed in order to help and support the 

owner. So, more detailed information about technical and financial characteristics are needed 

to allows the owner to obtain a more objectively judge of the asset value. 

 

REFERENCES 

[1]-CIMI - Código do Imposto Municipal sobre Imóveis. Decreto-Lei n.º 41/2016, de 1 de 

agosto (última atualização). Autoridade Tributária e Aduaneira, 2016. (In Portuguese). 

[2]-CMVM, Regulamento n. º 97/11. Critérios de Avaliação e Peritos Avaliadores dos 

Imóveis dos Fundos de Investimento Imobiliário, 2011. (In Portuguese). 

[3]-Couto, P. Avaliação Patrimonial de Imóveis para Habitação. Tese de Doutoramento da 

Faculdade de Engenharia da Universidade do Porto, 2001. (In Portuguese). 

[4]-Graham S., Heurkens E. Methods and models for international comparative approaches 

to real estate development, 2016, 50, p. 573-581. 

[5]-Hromada E. Mapping of Real Estate Prices Using Data Mining Techniques. In Selected 

papers from Creative Construction Conference, Procedia Engineering. 2015, 123, p. 233-240. 

[6]-Xiaojun L., Beibei C. Based on Gray Comprehensive Evaluation Method of Real Estate, 

2011, 1, p. 189-194. 



Proceedings of the  7th International Conference on Mechanics and Materials in Design, 

Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 

Publ. INEGI/FEUP (2017) 

-1299- 

 

PAPER REF: 6929 

 

 

BIM AND COBIE INTEGRATION FOR STRUCTURES LIFE-CYCLE 
ANALYSIS 
 

Maria João Falcão Silva(*), Filipa Salvado, Paula Couto, Álvaro Vale e Azevedo 

Economy, Management and Technology Unit, Buildings Department, LNEC, Lisbon, Portugal  
(*)
Email: mjoaofalcao@lnec.pt  

 

 

ABSTRACT 

The present article intends to contextualize the relevance of a linkage between BIM 

methodology and the COBie specification, identify the challenges and design guidelines for 

its implementation in structural rehabilitation projects. COBie specification encompasses 

several engineering projects of the constructive process, so generic files are listed for their 

integration into the stability engineering project and identified the type of information 

contained. Considerations that highlight the importance of the link between BIM 

methodology and the COBie specification are presented. However, cultural change that is 

needed within the Architecture, Engineering, Construction and Operation (AECO) sector are 

still a challenge. 

Keywords: BIM, Building life-cycle, COBie specification, AECO sector, structures. 

 

INTRODUCTION 

In Portugal, the use of BIM (Building Information Modelling) by AECO sector stakeholders 

is not yet widespread. However, it is unquestionable that BIM is increasingly a reality, not 

only for the design and construction phases, but also for the operation phase. Its medium and 

long-term application will certainly be successful and efficient, since it is a methodology for 

sharing information and communication between all stakeholders and during all phases of the 

building life-cycle. In the last decades, there has been a growing interest in the 

implementation of BIM methodology due to the diverse benefits and resource savings of the 

AECO sector during the phases of the building life-cycle (Nepal et al., 2008). 

The COBie specification provides guidance for the organization of the information in the 

operation phase (asset management) in the AECO sector (Volk et al., 2014) and deals with the 

definition of interoperability requirements for the exchange of data. It allows the collection 

and storage of project data, including equipment lists, product data, warranties, spare parts 

lists and preventive maintenance schedules. This information is essential to support the 

activity of asset management. Recently, this specification has been complemented with a 

responsibility matrix that assigns the types of data required for each stakeholder in the process 

(East, 2013), and has been incorporated into planning, design, construction, operation, 

maintenance and asset management activities. 

 

RESULTS AND CONCLUSIONS 

The provision of results from the development of structural design (AE-Design Phase) should 

be presented in a single file for each component (and location, if applicable), containing all 
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information related to the developed of structural engineering project. The focus of the results 

delivery of the project development is to provide adequate representation of the space and the 

structural provisions of the asset. The spatial attributes of the assets must be completed, in 

order to allow reports, corresponding to the level of detail found in the drawings (East, 2012). 

The content of the results made available in the project development should reflect the timing 

of activities and equipment, as presented in the corresponding design drawings. The structural 

engineer is responsible for correcting all deviations of content between the associated design 

development drawings and the information delivered (East, 2007). 

The use of COBie specification, in addition to BIM, allows the identification of the 

information contents that must be imported / exported at each stage of the asset life cycle and 

thus reduce the waste of human resources, materials and associated times (Falcão Silva, 

2016). The designer is required to provide the layout of the space, the list of systems, the 

types of equipment and their location. The builder adds equipment, model and serial number, 

and provides manufacturers manuals, warranty and spare parts information. Asset owners 

need to perform annual human resource quantification, the introduction of simplified 

equipment supplier lists, obtain guarantees, and inventory spare parts in their asset 

management and maintenance systems. The commissioning agent provides work plan data 

with associated tools, training, and equipment requirements. 
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ABSTRACT 

Throughout last decades, the Asset Management has been acquiring relevance in the 

Architecture, Engineering, Construction and Operation (AECO) sector, recognizing its 

importance for increasing competitiveness. This issue of asset is in constantly evolution along 

with widespread adoption of information systems and technologies. This paper presents a 

framework of Asset Management, highlights its origin and evolution over the last decades, 

including the scientific developments as well as applicable specifications and standards. 

Keywords: asset management evolution, PAS 55, ISO 55000 series, AECO sector. 

 

INTRODUCTION 

For several decades, the importance of Asset Management has been under discussion and 

development, taking into account the buildings life-cycle concept. Asset Management is not a 

recent discipline. Although this evolution is only thought as a change in semantics, it is more 

certain that its functions and responsibilities evolve alongside changes in nomenclature (IBM, 

2007). In an organization, Asset Management integrates several areas such as: i) engineering; 

ii) financial management; iii) risk management; iv) logistics and support; v) relationship with 

customers; vi) environmental management and legislation; and vii) asset life-cycle 

requirements (design, construction, operation, maintenance and end-of-life). 

Asset Management is a terminology that has been increasingly used in organizations, and can 

present different meanings, depending on the country or sector where it is used (Davies et al., 

2008). There are several research studies that demonstrate the importance of asset 

management in various sectors, levels or applications (El-Akruti et al., 2010; Henderson et al., 

2014; Abdelhamid et al., 2015). However it is verified that is more used in the financial area, 

with more emphasis on the management of actions. Although less used in the area of 

engineering and maintenance, the Asset Management have, over time, acquired growing 

importance in organizations. 

In 2004 the Institute of Asset Management (IAM), in partnership with the British Standard 

Institute (BSI), developed PAS 55 specification, which defines Asset Management as the 

systematic and coordinated activities and practices that an organization uses to manage it 

assets and systems in an optimal and sustainable way. 

More recently, in 2014, the international series of standard ISO 55000, defines the 

requirements for an appropriate Asset Management system throughout the asset life cycle. It 

considers that the value realizations require a balance between cost, risk and benefits of the 

asset over different time periods. 
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RESULTS AND CONCLUSIONS 

Asset Management corresponds to the natural evolution of the operation and monitoring of 

the organizations assets in order to optimizing them. It also achieves the evolution of the 

AECO sector requirements and the increase need for reliability and the assurance of quality in 

the products supply and services. Figure 1 shows the evolution of Asset Management in last 

decades, in accordance with the corporate thinking evolution. 

 
Fig. 1 - Asset management evolution 

 

The need for optimization, in the management of the assets, is visible in the progressive 

increase of the regulatory entities requirements in different service areas. 
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ABSTRACT 

The present paper aims to propose an approach based on a Cost-Benefit Analysis (CBA) 

model in order to identify the phases of a methodology for socioeconomic assessment of 

structural rehabilitation projects. It provides a useful tool to support the main stakeholders in 

the decision process. The proposed model can be implemented by managers and by the 

designers of the different engineering projects in an intervention. For a practical application of 

the proposed CBA model a representative case study is selected. A multicriteria analysis is 

applied and the results are presented and discussed. 

Keywords: cost-benefit analysis, structural reinforcement, ancient buildings. 

 

INTRODUCTION 

Currently in Portugal, the buildings rehabilitation and reinforcement are still relatively lower, 

compared to Europe where this activity represents about 35% of the Architecture, 

Engineering, Construction and Operation (AECO) sector. So, it is urgent to develop technical 

and scientific studies, based on the economic concept that allows the feasibility analysis of 

different strategies of intervention in the built park. It is also necessary to considering the 

different constructed typologies and the different risks associated for each alternative. CBA 

are methods for assessing the net economic impact of an investment project and can be used 

for several type of interventions, including their application to investment projects. Under 

these circumstances, the purpose of a CBA is to determine whether a project is feasible from 

the point of view of social welfare through the algebraic sum of its costs and benefits 

discounted over time (DFAA, 2006, EC, 2008; Mishan, 1998). 

The present research study aims to present the basic concepts inherent to the CBA 

application, identifying the procedures and phases of the methodology to support the decision 

in interventions in structural reinforcement in the AECO sector. Two representative case 

studies are selected for the application of a CBA as an expedited form of decision support in 

the context of structural reinforcement. The results obtained are presented, analysed and 

framed within the scope of the CBA model presented. 

 

RESULTS AND CONCLUSIONS 

Building A (masonry walls in ordinary limestone masonry, brick partition walls and 

reinforced concrete slabs with flexible flooring in tiled plank) has 3 raised floors intended for 

housing, with 2 apartments per floor, with a covered area of 150m
2
. For building A, 
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intervention options (Lamego, 2014) are accepted: (i) application of reinforced plastering on 

both sides of the exterior walls (A1); ii) introduction of bracing wall (A2); iii) introduction of 

a reinforcing concrete lintel in the connection between exterior walls and roofing (A3).  

Building B (reinforced concrete portico, floors made with lightweight slabs of precast beams and 

ceramic blocks, ladder and elevator boxes with reinforced concrete walls, and  external and 

internal walls with clay-brick masonry) has 9 floors for housing, with 2 apartments per floor, 

with a covered area of 400m
2
. For building B the following intervention options are 

considered (Falcão Silva et al., 2016): (i) metal bracing (B1); ii) addition of resistant walls in 

reinforced concrete (B2); (iii) Reinforced concrete pillars (B3).  

The results from the application of CBA to the ancient building are shown in Table 1. 

 

Table 1 - CBA ratio 

Strategy / Option 

 A1 A2 A3 B1 B2 B3 

Cost (C) 33 200,00 3 300,00 3 900,00 37 200,00    25 800,00 40 400,00    

Benefício (B) 89,38 30,28 22,56 81,25 72,62 41,23 

Ratio C/B 371,45 108,98 172,87 457,85 355,27 979,87 

 

The option corresponding to the lower value of the cost/benefit ratio (C/B) is the most 

favourable option because it represents a greater benefit for the same cost. For the building A 

rehabilitation technique, which seems to be more appealing, corresponds to the placement of a 

wall made of a vertically-perforated thermal clay-brick masonry with a thickness of 0,18m, 

towed and finished in a similar way to the other walls of the building with a C/B ratio equal to 

108,98. For building B, the most cost-effective rehabilitation technique corresponds to the 

introduction of a reinforced concrete wall with a C/B of 355,27. 

Further analysis to the studied buildings, as well as to other building types, should be 

performed in order to analyze different possibilities in structural reinforcement to support the 

decision process. 
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ABSTRACT 

The present paper systematizes and organizes a summary of a survey carried out on the 

technical documentation available at international level in countries with moderate to high 

seismic hazard and that, taking into account the Portuguese reality, may contribute to the 

elaboration of standards and provisions applicable to Portugal in the seismic rehabilitation 

interventions of existing buildings. The most relevant concepts, criteria and provisions of the 

documentation studied at European and North American level are summarized and analyzed 

and a preliminary assessment is made  

Keywords: seismic rehabilitation, seismic reinforcement, standards, tech. recommendations. 

 

INTRODUCTION 

Recent earthquakes such as those of Amatrice (2016), Lorca (2011) and L'Aquila (2009) have 

shown that a large number of European cities, located in regions of high population density, 

may eminently suffer significant economic and human losses, considering the vulnerability of 

the building park. Most of the buildings built until the end of the first half of the 20
th
 century 

of moderate to high seismic hazard zones, due to the lack of regulations for seismic design 

and the aging of these buildings, have insufficient seismic capacity. In the case of more 

recently designed structures, recent events have shown behavior deficiencies, sometimes 

associated with the absence of maintenance or non-compliance with current regulations 

(Falcão Silva and Coelho, 2014).  

A significant part of the technical and scientific literature dedicated to the subject of seismic 

rehabilitation is oriented towards ancient constructions of specific importance. Regarding the 

evaluation and seismic rehabilitation of current buildings, there are, in the most affected 

countries by the seismic threat, regulations, norms or recommendations whose application 

makes possible seismic rehabilitation. This type of documentation does not exist yet in 

Portugal, constituting the study and analysis of the recommendations existing in other 

countries with analogous situations and constructions, presented in the this paper, basic 

information that could contribute to the definition of guidelines to be implemented in a 

seismic rehabilitation strategy of buildings at national level (Falcão Silva and Baião, 2016). 

 

RESULTS AND CONCLUSIONS 

The paper includes a survey of the internationally available technical documentation for 

seismic rehabilitation of buildings, with a brief comparison between the contents of the 
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documentation referred (Falcão Silva; Baião; 2016), making a specific comparison of the 

approaches at European level, according with Eurocode 8 (CEN, 2004) (CEN, 2005) and the 

Italian standard (OPCM, 2003) (OPCM, 2005), and the approaches proposed at north 

American level (USA) (ASCE: s / d).  

The results of this analysis allow obtaining some comments on the similarities and differences 

between the concepts and methodologies present in each of the analyzed documents. The 

analysis carried out may constitute an important and relevant contribution to the future 

development of support documentation for rehabilitation and structural reinforcement 

interventions in Portuguese existing buildings.  

Actually there is no complete legal framework for the current practice of rehabilitation and 

seismic reinforcement in Portugal. The Portuguese experience is expressed in some guidelines 

and recommendations that derive from national practice, combined with previous theoretical 

knowledge, as well as other theoretical and practical sources collected throughout the world.  

Following the economic and social environment that the country has been experiencing in 

recent years, it seems that the market for the rehabilitation of Portuguese built assets may 

increase significantly in the coming years. In the view of the foregoing, the development of 

technical recommendations or national standards to support interventions for rehabilitation 

and structural and seismic enhancement of existing buildings appears to be an urgent need. 
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ABSTRACT 

The paper presents a proposal for evaluation of investment projects in the health sector 

(hospitals and other health infrastructures) based on Cost Benefit Analysis (CBA), which 

integrates the development of community policies and financial instruments and provides 

technical support and contribute to the reflection about co-financing rates modulation.  

Keywords:  cost-benefit analysis, structural reinforcement, ancient buildings. 

 

INTRODUCTION 

Health sector poses a series of unique and difficult issues. Unlike other sectors, there is no 

tradeoff in health sector activities. Moreover, the trend towards liberalization, market 

orientation, and privatization is reshaping the way projects are identified, designed, and 

evaluated. Health sector projects are heterogeneous requiring different approaches to different 

types of projects. In addition, until recently, economic benefits in health sector projects have 

been methodologically difficult to value and some of the basic input data have been 

unavailable. In view of these considerations, project designs and benefit valuation in the 

health sector are much more complex than in other sectors, especially those sectors that 

traditionally apply economic cost-benefit analysis such as infrastructure and utilities 

(Adhikari et. al., 1999). Given the increasing demands for performance, risk control, 

transparency in decision making and sustainability, as well as the need to maximize and 

preserve the conservation status of high buildings equity value existing in the national 

territory, approaches based on CBA methodologies emerge as an important contribution. The 

methodologies based on CBA can be powerful and highly functional tools, helping to support 

the decision process and compare the efficiency of different strategies in terms of cost 

effectiveness. The CBA is based on the monetary value conversion of all costs and benefits 

even when they are intangible, through several adjustments (EC, 2008). 

 

RESULTS AND CONCLUSIONS 

For the application of a CBA to hospitals and health infrastructures investment projects the 

following CBA generic phases should be considered (Figure 1): 

 
Fig. 1 - CBA methodology schematic representation 
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The definition of the Project Objectives concerning hospitals and health infrastructures 

investment projects, should include functional features  i) include the prevention and/or 

treatment of different diseases; ii) serve different population categories depending on the age 

(children, adults, older people, …); ii) sex; iii) professional conditions. The objectives may be 

quantified by the increasing of life expectancy (Adhikari et. al.; 1999). The Feasibility 

Analysis should take account the comparison in the options analysis should consider possible 

alternative medical-technological solutions (different treatment systems, different diagnosis 

technologies, etc.) and possible general alternatives with the same socio-sanitary objectives 

(e.g. building an outpatients department instead of wards in a hospital). The key issues will be 

the patients flows and trends (determined on the basis of demographic data) and 

epidemiological and morbidity data for the pathologies involved. The Financial Analysis of 

hospitals and health infrastructures investment projects must take into account financial 

inflows corresponding to: i) fees for hospital admission; ii) diagnosis and treatment which are 

paid separately and additional services; as well as the financial costs corresponding to: i) 

personnel; ii) medicines and materials; iii) out-sourced medical services necessary to run the 

structure The most appropriate time horizon should be at least 20 years (EC, 2008). In what 

concerns Economic Analysis, it should be considered the following essential benefits: i) the 

future saving in health costs; ii) the avoided loss in production of the patients and their family; 

iii) the increase in the welfare or the reduction in suffering on the part of the patients and their 

family. The Multicriteria Analysis is particularly useful for a quantitative approach, and the 

results of such an analysis may lead to a profound change in the proposed investment or even 

to its rejection. This process must be based on multiple choices, and the treatment given to 

each of the choices is conditional on the final decision (Falcão Silva e Salvado, 2015). It is 

considered as a determining factor for the success of hospitals and health infrastructures 

investment projects: i) the availability and reliability of epidemiological data for the 

catchment area; ii) the risks incurred by administering (new) diagnostic, preventative or 

therapeutic treatment, etc); iii) the difficulty in correctly evaluating trends in the costs of 

personnel, medicines etc. in the long term. For a Sensitivity and Risk Analysis it should also 

be considered at least the following variables: i) the cost of the investment; ii) the percentage 

incidence of pertinent morbidity, disaggregated by pathological type, age range, sex, 

profession, etc.; iii) tariffs for health services and their dynamics in time; iv) dynamics in time 

of personnel costs; v) dynamics in time of the costs of medicines, products and critical 

services; vi) the value and dynamics of the risks involved in carrying out diagnoses or 

treatment (Falcão Silva e Salvado, 2016). 
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ABSTRACT 

This paper presents the methodology of the Marca de Qualidade LNEC (MQ / LNEC) [LNEC 

Quality Mark], which is a methodology to certify construction projects. It identifies the 

entities involved in the process, describes the relationship between them, and presents some 

reflections about the experience and the results achieved so far. Additionally, it is also it is 

also described the methodology of the Selo de Qualidade LNEC (SQ / LNEC) [LNEC Quality 

Seal] which is applied to elements, components and installations of buildings. the differences 

between both methodologies are also highlighted. 

Keywords: quality management, quality in construction, construction projects, certification. 

 

INTRODUCTION 

The grant by LNEC of the Marca de Qualidade LNEC (MQ / LNEC) to construction projects 

culminates a quality certification process which has been regulated since 1990 by the Decree-

Law nr. 310/90, of 1 of October (Decreto-Lei n.º 310/90, 1990). This certification process 

involves the intervention of a General Quality Manager (GQM) selected by each construction 

Owner among the entities qualified by LNEC to perform the functions of Quality 

Management. MQ / LNEC thus comprises two distinct activities: i) the qualification of GQM 

and ii) the application of the Quality Management methodology to Construction Projects, 

under a global perspective for all the construction process. 

In the scope of Quality in Construction, LNEC has received several requests to apply MQ / 

LNEC similar methodologies to elements, installations and components of building 

construction, whether in new works or, in particular, in reconstruction, refurbishment, 

conservation or rehabilitation of existing buildings. With this purpose, the SQ / LNEC was 

created in January 2016, as a quality certification methodology to be applied to those 

elements, components and installations of buildings. This SQ/LNEC corresponds to a distinct 

process, independent of the certification of construction projects with MQ / LNEC, but can be 

attributed in an articulated way with MQ / LNEC. 

 

RESULTS AND CONCLUSIONS 

The application, over more than two decades, of the MQ / LNEC methodology to construction 

projects is considered as very positive, since it has led to achieve higher levels of quality in 

construction, less anomalies and non-conformities at the end of the works and, 
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simultaneously, to the dissemination and generalization of quality procedures of recognized 

utility for the construction sector in general. 

Currently, the MQ / LNEC methodology is being reviewed and updated. In this context, there 

may occur changes resulting from the evolution of the quality management concept itself, in 

order to address, among others: i) the aspects that are currently most valued by the Owners 

and the market; ii) the interest and motivations for the adoption of this type of methodologies; 

iii) the procedures adopted by the majority of stakeholders; iv) the legal provisions in force; 

v) the contracting and implementation models; vi) the focus on the use, maintenance and 

rehabilitation phases; and vii) the construction and of the economy framing (Azevedo et. al, 

2014a) (Azevedo et. al., 2014b). 

Recent progress has been made in the certification of products, components and construction 

equipment. Currently, the vast majority of products applied in construction already have a 

certification, in particular CE marking, which states in a simplified way that the use of 

construction products in new buildings or in different interventions is conditioned by CE 

marking or, failing that, to the certification in compliance with the technical specifications in 

force in Portugal (Azevedo, 2010). 

A first step associated with the response to such certification requests - as it is the MQ / 

LNEC revision under course - it is related with the SQ/LNEC. This new certification 

methodology, now available, can speed up the adoption of quality procedures and give a 

specific response to problems that may arise in small interventions, not requiring the 

application of a generalized methodology, such as the MQ / LNEC (Azevedo et. al, 2016). 

It is thus expected that the owners can request the application of SQ/LNEC and benefit from 

solutions that throughout their design, development and application process are framed by 

processes and by quality management criteria, with the proper follow-up of the LNEC. 
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ABSTRACT 

In this paper it is proposed to present a comparison between the resisting capacity obtained 

for a selected “pilotis” building structure: i) at the date of its construction, ie without 

earthquake-resistant design (S0); ii) if it had been designed based according with the RSA and 

REBAP published in the 80s of XXth century (S1) or iii) if in future should be designed in 

accordance with EC8 and EC2 (S2). For the assessment of the building resisting capacity and 

for the design of each structural element the work was developed based in the original project 

details and drawings complemented, in some particular cases, by the results of "in situ" non-

destructive testing of materials. Finally are presented some considerations about the costs, to 

updated prices, which may have been associated to the initial project and the corresponding 

costs obtained for each one of the designs based, respectively, in RSA and in EC8. 

Keywords: “pilotis” buildings, seismic design, resisting capacity, pushover analysis. 

 

INTRODUCTION 

Considering the large number of existing buildings supported by "pilotis" and located in 

higher seismicity zones in Portuguese territory, has been growing the interest in assessing the 

behavior of such structures when subjected to moderate or high seismic actions. This type of 

structures, without earthquake-resistant design, can easily lead to collapse phenomena at 

certain levels resulting from reduced structural rigidity. In most cases not even the 

introduction of filling masonry walls, which are responsible for the introduction of additional 

structural rigidity, avoid the formation of “soft storey” mechanisms. The use of automatic 

calculation programs supplemented with earthquake-resistant regulations, including the 

Portuguese Regulamento de Segurança e Ações para Edifícios e Pontes (RSA) (RSA, 1983), 

the Portuguese Regulamento de Estruturas de Betão Armado e Pré-Esforçado (REBAP) 

(REBAP, 1983) and the recent Eurocodes, among which stands out Eurocode 8 (EC8) (EN-

1998, 2004) and Eurocode 2 (EC2) (EN-1992, 2004), make possible to proceed to the 

evaluation of the resisting capacity of existing buildings and / or to be built. The above 

mentioned regulations allow the design of building structure considering the recommended 

and set in each of the periods comprised by the regulations.  

 

RESULTS AND CONCLUSIONS 

The building was modeled using SEISMOSTRUCT (SEISMOSTRUCT, s/d) considering 

three hypothesis: i) without seismic design (S0); ii) designed in accordance with RSA (S1); 

iii) designed in accordance with EC8 (S2). Modal analysis, which allowed the dynamic 
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characterization of the structure (Table 1), followed by pushover analyzes were carried out, 

obtaining the corresponding resistant strength curves for both directions (Fig 1 to Fig. 3).  

Table 1 - Frequencies and masses 

Mode F [Hz] 
Acumulated mass [%] 
x y z 

1 1.073 99.88% 0.00% 0.00% 

2 1.653 99.88% 91.86% 0.00% 

3 1.799 99.88% 91.91% 0.00% 

4 4.717 99.88% 99.92% 0.00% 

5 6.667 99.88% 99.92% 0.01% 

6 6.993 99.99% 99.92% 0.01% 

7 9.346 99.99% 99.92% 87.12% 

8 12.048 99.99% 99.92% 87.12% 

9 14.286 99.99% 99.92% 87.20% 
 

 

Fig. 2- Capacity curves for “pilotis” building without 

seismic design (S0) 

 
Fig. 1 - Capacity curves for “pilotis” building 

designed in accordance with RSA (S1) 

 
Fig. 3 - Capacity curves for “pilotis” building designed 

in accordance with EC2 and EC8 (S2) 

The building without seismic design (S0) verifies all EC8 recommended Limit States (Type 1 

action) if it vibrates fundamentally in the transverse direction. In the longitudinal direction, 

the building does not check any of the Limit States, so it can be said that this will most likely 

collapse. The building designed in accordance with RSA (S1) checks all Limit States in both 

directions, which allows concluding the regulation causes an oversized structure. In fact, it is 

observed that the resizing of buildings without earthquake-resistant design for the seismic 

actions of the RSA improves significantly the behavior of the structures. Despite the current 

regulations, corresponding to EC2 and EC8 (S2), allow a considerable reduction in the 

reinforcement bars, with the consequent increase in ductility for the same level of strength 

generated by the seismic action, the building is still in a situation of oversize corresponding to 

about 50% of the reinforcement required to verify, for example, the imminent collapse state. 
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ABSTRACT 

Currently, the information available for an economic analysis of products in ProNIC 

(Protocolo para Normalização da Informação Técnica da Construção) informatics platform 

comprises only the design costs (architecture and engineering) and construction costs, and 

there is still no room for maintenance, operation and rehabilitation costs. The present paper 

presents a proposal for a Life Cycle Cost Analysis (LCCA) methodology, with the purpose of 

incorporating, in ProNIC, the operation costs, allowing carrying out a product economic 

analysis throughout its life cycle. The proposed methodology includes an intervention in 

ProNIC at the level of Articles, Material Sheets (FMAT), Works Execution Sheets (FET) and 

Cost Sheets. The main developments and conclusions will be also stated. 

Keywords: LCCA, ProNIC, articles, FMAT, FET, cost sheets. 

 

INTRODUCTION 

Considering the ProNIC informatics platform and its functionalities about the possibility of 

managing the entire structure lifecycle from the design phase to its completion, it is possible 

to obtain a broad set of monitoring indicators, from works level to the level of the entire 

Architecture, Engineering, Construction and Operation (AECO) sector. However, even 

though it is possible to carry out a techno-economic analysis and evaluation of buildings in 

ProNIC, it has not yet been possible to develop an economically viable LCCA methodology 

based on operational work information, which includes the maintenance and the rehabilitation 

of buildings. In this sense, the present work, allows a first approach to be carried out that 

incorporates a module for the LCCA in ProNIC. 

 

PRONIC 

ProNIC refers to a research project whose essential objective is the development of a 

systematic and integrated set of credible technical contents, supported by a modern computer 

application, and which intends to build a benchmark for the entire Portuguese construction 

sector (INESCTEC; 2008). Its database is constituted by a Construction Work Classification 

Structure (WBS-CW), by Technical Specifications (Technical Specifications of Works and 

Technical Specifications of Materials) and by Cost Scenarios. In terms of functionalities, 

following are some examples of the work already developed in the ProNIC. In this sense, 

ProNIC (INESCTEC; 2008) comprises the production of bills of quantities by specialty or the 
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project overall design, with the integration of all specialties, production of the general 

technical conditions of specifications framed in the articles used, updating bills of quantities 

in the phase of errors and omissions, management of additional contracts, additional elements 

to the project and control of the project through work indicators. 

 

LIFE CYCLE COST INTEGRATION IN PRONIC: PROPOSED METHODOLOGY 

As mentioned, the information available for an economic analysis of the product, in ProNIC, 

comprises only the design costs (architecture and engineering) and the construction costs, and 

there is still no room for the operation costs, which include maintenance, exploration and 

rehabilitation. In this sense, the work developed intends to complement this information 

through the incorporation of an LCCA methodology in ProNIC. This methodology has as the 

main objective of inserting the product operation costs in ProNIC and contemplates three 

levels of intervention (Simões et. al., 2016a) (Simões et. al., 2016b): 

1) Creation of new articles related to the operation phase - Analysis of the existing 

articles and subsequent proposal of new articles for the works that are not yet 

contemplated; 

2) Change in the structure of FET and FMAT items - In FMAT, there is no item related 

to the operation of materials and, in this sense, it is proposed to create an item 

designated by “operation”. At the FET level, it is proposed to change the item 

“maintenance” to “operation”, since the costs to be included in the platform are related 

to operating costs (rehabilitation, operation and maintenance); 

3) Cost Sheets Restructuring - Based on the existing cost sheets, it is proposed to add an 

item related to the operation throughout the life cycle of a building, based on the 

necessary information, on costs during the operation phase. 

 

CONCLUSIONS 

ProNIC is an easy-to-use computer application and as mentioned previously, it has many 

features that are a great benefit to the AECO industry. On the other hand, the non-generalized 

access of ProNIC, by companies in the AECO sector, causes ProNIC to present some 

weaknesses in the operational work (rehabilitation, exploration and maintenance), that is, 

currently ProNIC does not allow the realization of an economic analysis of a building 

throughout its life cycle, hence the need to develop new methodologies, such as the LCCA. 

LCCA is still an underused approach and deserves to be developed, so that it is widely 

accepted. Concerns about uncertainties in forecasts should be addressed and progressively 

reduced through the collection of more reliable information. 
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ABSTRACT 

This paper aims to propose a method to link the objects, generated by Building Information 

Modelling (BIM), to the construction works and technical regulations associated with them, 

generated and standardized by the Protocol for Standardization of Technical Construction 

Information (ProNIC - Portuguese abbreviation), in a semantic approach of the required 

information, however, without exploring the informatics component of this association. Then 

the link will be applied to the case study of a public building rehabilitation, located in the 

metropolitan area of Lisbon. The paper is based on the master's dissertation of the first author, 

with the same theme and same title, developed under the existing protocol between LNEC 

and ULHT. 

Keywords:  BIM, ProNIC, interoperability, rehabilitation, AECO sector. 

 

INTRODUCTION 

Collaborative processes of information creation and management updated in real time, that 

provide to users an early errors detection, constraints, overlapping elements, constructive 

solutions testing and even assessments of energy efficiency of buildings, such as BIM (Giollo, 

2016a), both in the scope of new construction as in rehabilitation, are essential for the 

development of the Architecture, Engineering, Construction and Operation (AECO) sector 
where competitiveness is increasing. 

The development of a methodology that takes advantage of modelling in BIM will bring 

significant gains to the AECO sector, filling their eventual gaps with standard technical and 

economic contents. Facing on the Portuguese national scenery, withdrawn from ProNIC, a 

research project developed in Portugal that aims to facilitate, organize and standardize all the 

production of technical information required in different projects and also to aggregate for 

each specific construction work, the best construction practices and technical standards 
applicable to each situation (Giollo, 2016b). 

 

STUDY ORGANIZATION 

The adopted procedure was directed to meet the following objectives: 

1. Characterization of the construction sector in economic and social terms, framing it in 

national and international reality; 

2. Identification of some of the problems inherent in the AECO sector that justify the 

study of new approaches and a survey of the solutions made available for this purpose; 
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3. Individual bibliographic research of each of the information management systems 

(BIM and ProNIC), including a study of the development of technologies, definition 

of concepts and an analysis of the benefits and limitations of its implementations; 

4. Survey of the use of information management technologies worldwide and analysis of 

constraints and their applicability to the Portuguese national scenario; 

5. Elaboration of a model, both in the BIM environment and in the ProNIC platform, of 

the same case study, characterized by the rehabilitation of a public building, for the 

semantic comparison of the data required by the two information management 

systems; 

6. Characterization of interoperability and study of an information exchange mechanism 

between systems that is effective in exchanging data formats supported by BIM and 

ProNIC, namely the Industry Foundation Classes (IFC), a universal format for 

representation of construction products and exchange of data between systems 

(SIGABIM, 2011); 

7. Analyze the viability of a connection methodology between BIM and ProNIC; 

8. Proposal and description of a method of connection between BIM and ProNIC. 

 

CONCLUSION 

The conclusion reached is that a link capable of associating ProNIC application with BIM 

models makes it possible to use all the individual benefits of the two methodologies for the 

information management, with the advantage of being contained in the same basis rich in 

information. It is the possibility of having, automatically and standardized, all technical and 

economic information, written and drawn, generated in a collaborative environment, among 

all stakeholders and covering the entire life cycle of the construction, from design to operation 

or demolition. 
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ABSTRACT 

Recent advances in the design of composite materials for manufacture have directed 

researchers to make high-performance elements that combine fiber-reinforced polymer (FRP) 

shapes with concrete materials. The current research analyses the structural response of hybrid 

beams made of pultruded glass FRP (GFRP) profiles strengthened with grooving method. The 

influence of different width and depth of grooves is studied by considering various 

arrangement of GFRP layers and numerical model for these beams is further proposed, thus 

proving the feasibility of the solution. 

Keywords: UHPC, ABAQUS; GFRP, Grooving method. 

 

INTRODUCTION 

Pultruded fiber-reinforced polymer (PFRP) profiles have been used in the past three decades 

in a significant number of applications where high corrosion or chemical resistance is 

required and where the weight of the structure plays an important role in the design (neagoe et 

al., 2015). Different authors have recently proposed various solutions to improve the 

characteristics of the hybrid systems by tailoring the properties and microstructure of the 

composite profiles, by using high performance or fiber-reinforced concrete layers (Chen et al., 

2011), or by adapting a failure sequence for the whole system (Chakrabortty et al, 2011). A 

custom hybrid profile made from CFRP and GFRP layers was designed and tested by 

(Mutsuyoshi et al., 2011) in both a simple and composite configuration. The profile alone 

failed in flexure due to delaminations at the interfacial layers and web crushing, while the 

composite beam performed better in every aspect. Research done by (El-Hacha and Chen, 

2012) on CFRP-UHPC hybrid beams revealed that the increased strength of the concrete slab 

led to a linear-elastic flexural response of the system and did not provide a failure warning, as 

the performance was still limited by the mechanical characteristics of the composite profiles 

or connection. 

In this research, a finite element code has been proposed by ABAQUS software and verified 

by previous experimental works.  

 

RESULTS AND CONCLUSIONS 

Variation of UHPC strength with FRP arrangement is shown in Figure 1. Oblique FRP 

arrangement has shown maximum strength under loading conditions. 

Variation of UHPC strength with depth of groove is shown in Figure 2. The beam with 8 mm 

depth and 9 mm width has shown maximum strength.  
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Fig. 1 - Variation of UHPC strength with FRP arrangement 

 

 
Fig. 2 - Variation of UHPC strength with depth of groove 

 

This study shows that various parameters like depth and width of grooves on GFRP layers 

and different arrangements of GFRP plates has significant effect on the beam behavior. 

Further tests should be performed in order to analyze other mechanical properties, such as the 

effect of type of epoxy used for the connection of GFRP layers to beam. 
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ABSTRACT 

This contribution deals with the numerical and experimental characterization of the structural 

behaviour of a railroad switch machine. Railroad switch machines must withstand a number 

of safety related conditions such as, for instance, the appropriate resistance against any 

undesired movements of the points, due to the extreme forces exerted by a passing train. This 

occurrence can produce a very high stress on the components that has to be predicted by 

designers. In order to assist them in the development of new machines and in defining what 

are the critical components, FEA models have been built and stresses have been calculated on 

the internal components of the switch machine. The results have been validated by means of 

an ad-hoc designed experimental apparatus, now installed at the facilities of the Department 

of Industrial Engineering of the University of Bologna. 

Keywords: railroad switch, railway junction, FEA, experimental, points. 

 

INTRODUCTION 

A railroad switch machine (RSM), turnout or set of points is a mechanical installation 

enabling railway trains to be guided from one track to another, such as at a railway junction or 

where a spur or siding branches off. One of the key safety requirements of railroad switches is 

related to achieving a suitable resistance against any undesired movements of the points, due, 

for instance, to the extreme forces exerted by a passing train in the case of the needle leaned 

to the rail (force F in Fig. 1). 

 

 

Fig. 1 - Geometry of a railroad switch 
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Many railway companies assume a force F=100kN as a standard. This work deals with the 

development of FEA models aimed at accomplishing the structural design of the RSM under 

the aforementioned operating load. In order to validate such models, an experimental test 

bench has been designed and manufactured. This comprises two ad-hoc designed fixtures 

which allow accommodating the test piece on a standard INSTRON 8500 500kN standing 

press and applying forces up to a maximum of F=300kN. 

 

MATERIALS AND METHODS 

The Alstom RSM object of the present investigation is shown in Fig. 2, along with some 

balloons highlighting the key structural components of the machine.  

 

 
Fig. 2 - 3d model of the Alstom RSM: (1) body, (2) lower plate, (3) pin, (4) hammer, (5) switching rod, (6) cam, 

(7) detection rod, (8) arm 

 

Due to confidentiality related issues, the working principles of the machine cannot be 

described in detail. The analysis was limited to the verification of the mechanism against 

unwanted movements of the points caused by a passing train since the system is equipped 

with two interlocking devices. In fact, once the full stroke has been travelled, and the points 

are in the open (or closed) position, the switching rod (5) is secured to the body (1) by means 

of a hammer (4); at the same time, the detection rod (7) is secured to the lower plate (2) by 

means of a slider, not represented in the picture. Therefore the locking devices come into 

effect preventing any movement of the rods, when an external force is applied along z-axis to 

the points, and thereby to the arms (8).  

According to the requirements set by railway companies, the RSM shall be validated under 

the action of a force F=100kN. In order to attain an adequate stiffness of the test fixture, it has 

been dimensioned for a maximum load of 300kN. The overall dimensions of the test piece are 

900x300x210mm, therefore the fixture has been conceived in two separate parts, a lower and 

an upper grip, so as to achieve a certain flexibility during mounting and unmounting 

operations on the standing press. In order not to transmit any unwanted bending moment at 

the arms, the test fixture is shaped as shown in Fig. 3. 
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Fig. 3 - Loading scheme: (1) test piece (switch machine), (2) lower grip, (3) upper grip 
 

While the lower grip is a simple C-shaped interface between the actuator thread and the arms, 

the upper grip has to retain the whole RSM by means of four M20 8.8 class bolts. The bolted 

joint is doubly overlapped: this provision allows doubling the frictional surfaces and hence 

the transmissible load for given bolt size and class [1-2]. Except for a few details, the fixture 

has to be arc welded, therefore a structural steel S275JR according to [3] has been chosen for 

its construction. All the welds have been statically dimensioned according to Standard EN 

1993-1-8 [4]. In order to assess the stresses and the deformations on the fixture under 

maximum design load (F=300kN), some FEA have been performed by means of the 

commercial code Ansys Workbench.  

Fig. 4 (a) shows the boundary conditions applied to the model: the upper grip has been fixed 

at the upper end and loaded by two equal forces Fz=150kN, one at each arm. The model has 

been meshed with SOLID187 Tetrahedral and Hexahedral elements, Fig. 4 (b), for a total 

node count of about 80,000 nodes. The material is a structural steel with E=200GPa and 

ν=0.3, whereas the bonded contacts are managed by means of the pure penalty contact 

algorithm, with the normal stiffness factor set to FKN=0.01, following the lines suggested by 

[5]. As it can be appreciated by looking at Fig. 4 (c) the total deformation is ∆tot_max=1.3mm 

whereas the maximum von Mises equivalent stress remains below 190MPa (see Fig. 4 (d)); 

such a stress level is well below the material yield point SY=275MPa. Since the model is 

linear, a maximum deformation of about ∆tot_nom=0.4mm can be expected at nominal load, 

which is deemed as acceptable. 

The assembly procedure of the test rig requires quite a number of subsequent operations, 

briefly summarized in Fig. 5. Particularly, Fig. 5 (d) shows the detail view of the arms of the 

machine when these are clamped by the lower grip. When the assembly is done, the load cell 

undergoes zero calibration and the test can begin. The main target of the experimentation is to 

provide a validation of FEA models of the RSM that will be described in the following. A 
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secondary aim of the experimentation is to determine how much of the total load is borne by 

the switching rod and how much by the detection rod. In order to accomplish this twofold 

task, three components of the RSM have been instrumented by strain gauges: the two arms 

and the pin (see Fig. 6). 

 

  
(a)                                                                                            (b) 

 

  
    (c) (d) 

 

Fig. 4 - FEA on the fixture upper grip: (a) Boundary conditions, (b) mesh, (c) total deformation, (d) equivalent 

von Mises stress 
 

Pin and arms have been previously reworked in order to accommodate the sensors (Vishay 

Precision Group J2A-XXS047K-350): particularly, the pin required both milling and boring 

operations in order to achieve a plane surface for the application of the strain gauge as well as 

a passage for the cables. The arms have been instrumented by means of two strain gauges 

each: the strain gauges were connected in a half bridge fashion to the Wheatstone circuit. The 

pin has been instrumented by means of a single strain gauge: a dummy gauge, which served 

as a temperature drift compensator, was glued to an identical, unloaded pin placed in the 

testing room. The adhesive used for the installation was the M-BOND 200 by Vishay 

Precision Group. All the sensors have been installed by a certified operator, following the 

lines suggested by Standards [6-8]. The data acquisition has been managed by means of the 

NI 9237 sampling card plugged into a NI cDAQ-9184 carrier. 
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  (a)                                                             (b)    (c) 

 

  
   (d)                                                                             (e) 

Fig. 5 - Test arrangement: (a) Placement of the lower grip, (b) pre-mounting of the upper grip with the test piece, 

(c) placement of the upper grip with a forklift, (d) details of the assembly, (e) final configuration  
 

 

 

(a)                                                                 (b) 

Fig. 6 - (a) Placement of the strain gauges on the arm and (b) on the reworked pin  
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The FEA model of the RSM has been developed by means of the Ansys code V.17. Due to 

the complexity of the assembly, submodeling has been leveraged, by considering half a model 

at a time, as if the machine were cut along its mid-plane, normal to x-axis. Doing this way, it 

has been possible to find a satisfactory balance between accuracy and computational cost. 

Both the models have been meshed with tetrahedral elements SOLID187, for a total node 

count of 360,000 nodes in the case of the switching rod side (Fig. 7), and 485,000 nodes for 

the detection rod side (Fig. 8). In the case of the switching rod, the stresses on the pin and 

those on the hammer have been sampled, and subsequently compared with the experimental 

outcomes. In the case of the detection rod, the stresses on the pins which connect the lower 

plate to the body have been examined, as a function of the actual bolt preload of the joint. 

 

 
Fig. 7 - Boundary conditions for the half model comprising the switching rod 

 

 

 
Fig. 8 - Boundary conditions for the half model comprising the detection rod 

 

 

RESULTS AND CONCLUSIONS 

The results from a tensile test carried out on the ad-hoc developed test bench are shown in 

Fig. 9. This reports the data relevant to a test run until a maximum force of F=160kN. At the 

peak load, one of the pins connecting the lower plate with the body failed. The first outcome 

of the experimentation is the knowledge of the force distribution on the two arms: the great 

majority of the total force (82%) reaches the body by passing through the chain of 

components named the switching rod, the pin and the hammer. The remaining part (18%) 

passes through the detection rod, the slider and the lower plate, eventually reaching the body. 
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Running each of the FEA models by applying the appropriate fraction of the total load to the 

arm under investigation, it has been possible to validate the numerical results. 

  
(a)                                                                               (b) 

 

Fig. 9 - (a) View of the test bench and (b) plot of the results in terms of stresses on the pin 

and on the arms and force at the load cell. 

 

For example, looking at Fig. 10 (a), it is possible to observe the equivalent stresses calculated 

according to the von Mises criterion on the half machine comprising the switching rod. Fig. 

10 (b) reports the σY bending stresses on the pin that supports the hammer, when this sub-

system is loaded with 82% the total load F=160kN. 

 

  

(a)                                                                                  (b) 

Fig. 10 - (a) von Mises stress plot on the half machine - switching rod side and (b) bending 

σY stresses on the pin 

 

As it can be appreciated from Fig. 10 (b), the numerical peak of the bending stress on the pin 

(σY_FEA=477MPa) is very close to that measured during the experimental test on the same 

component (σY_EXP=450MPa, see Fig. 9). The error, calculated according to Eq. (1), is 

acceptable. 

%6100%
_

__
=⋅

−
=

EXPY

EXPYFEAY
e

σ

σσ
 (1) 



Symposium-6: Mechanical Connections 

 

 

-1328- 

Once the FEA model has been validated, it can be used for carrying out some comparisons 

considering, for example, the joint between the lower plate and the body. Such joint 

comprises a pattern of eight M8 8.8. screws, working in parallel with a couple of parallel pins 

of d=6mm diameter, manufactured according to Standard [9]. It can be assumed that this joint 

must withstand the shearing load transmitted by the slider to the body via the lower plate. 

Since the screws are tightened under preload control upon assembly, and some uncertainties 

on the friction coefficients cannot be avoided [10-12], the load borne by the parallel pins may 

vary depending on the effective preload of the screws and on the friction coefficient at the 

interface between the body and the plate. In order to estimate such variation, some parametric 

analyses have been run, for example by imposing different preload levels to the screws. The 

screw preload has been assigned via the preload tool available in the Ansys Workbench 

environment. 

Fig. 11 reports a plot of the amount of shearing force borne by the switching rod side pin 

(T’swi) and by the detection rod side pin (T’det) as functions of the actual screw preload Fv. 

Each of the dashed lines represents the force acting on the relevant parallel pin, whereas the 

solid lines represent the fraction of load borne by the generic pin. 

 

 

 

Fig. 11 - Shearing force on the switching/detection rod side parallel pin versus screw preload. 

 

It can be seen that the most loaded pin is that on the detection rod side (closer to the slider), 

regardless the screw preload. Nonetheless, the magnitude of the load borne by the pins 

decreases as the screw preload increases: the preload limit of Fv=20kN is assumed based on 

the provisions of Standard [13] for M8, 8.8 class screws. Based on different preload levels, it 

is also possible to extract a plot of the von Mises stresses on the most loaded parallel pin, as 

shown in Fig. 12. 

The equivalent stress calculated by FEA on the most loaded parallel pin is compatible with 

the failure event, which took place during the experimentation, at a total load of F=160kN.  
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(a)                                                   (b)                                                 (c) 

Fig. 12 - von Mises stress plot on the detection rod side parallel pin at screw preload of (a) 

10kN, (b) 15kN, (c) 20kN 

 

From the designer’s standpoint, the present work achieved a twofold result: (i) an 

experimental setup has been designed, manufactured and calibrated, which will be useful for 

subsequent experimentations on other products of the same family; (ii) numerical tools have 

been developed and validated, with respect to experimental data. These models allow the 

designer early evaluating the effect of structural changes, hence reducing the time to market 

of new machines.  
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ABSTRACT 

This contribution deals with the fatigue characterization of aluminium welded joints for 

automotive applications. The base material is a vacuum casting alloy, whereas the joints have 

been hand welded by means of the TIG process. The joint category is a butt-welded type, one 

side only, full penetration without backing. The samples have been tested both in tension-

tension and in bending. Tests results have been processed according to the ISO 12107 

standard: SN curves have been retrieved as well as the endurance limit of the joints at 5·10
6
 

cycles. 

Keywords:  fatigue, aluminium, weld, vacuum casting alloy. 

 

INTRODUCTION 

Aluminium vacuum die-casting alloys find typical applications in the automotive field, to be 

used in manufacturing space frame nodes, automotive front cross members, suspension arm 

axles, connecting rod and rocker arms. The wall thickness for many of these components, 

ranges from 2 to 5 mm. 

The vacuum die-casting process, (e.g. commercially known as Vacural 
TM

) consists of the 

following steps: (i) degassed metal is drawn into the shot chamber through a suction tube 

under vacuum; (ii) vacuum is applied to the die: this allows achieving a minimal gas 

entrapment in the casting, so that the castings can be heat treated for enhanced strength and 

ductility; (iii) die faces are sealed in order not to allow air entering the cavity [1]. 

Nonetheless, these alloys are still seldom used when welding operations need to be performed 

to obtain the finished component. 

The present paper aims at investigating the fatigue performances of welded joints realized on 

vacuum die-casting aluminium base metal since the industrial interest towards the use of such 

alloys in components comprising welded joints is steadily increasing. 

The specimens used for the experimentation are made of two halves of a dogbone shaped 

plate, joined along a transverse section placed at half span of the gage length. The two halves 

are butt-welded on one side only with full penetration without backing, as shown in Fig. 1. 

Fatigue tests have been carried out both in tension-tension (R=0.1) and in bending (R=-1) 

condition. Both the SN curves and the endurance limit of the specimens for the two load cases 

have been retrieved. The test results have been compared with the fatigue data provided by 

UNI EN 1999-1-3:2007 standard [2] for the same detail category: it is important to remark 

that such a standard is only relevant to welded components manufactured with wrought 

aluminium alloys. 
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Fig. 1 - Specimen geometry for tension test 

 

MATERIALS AND METHODS 

According to Standard [2], in the case of a constant amplitude load cycle, the endurance limit 

for aluminium welded joints is set at 5·10
6 

cycles. According to Standard [3], the statistical 

estimation of fatigue strength at a given fatigue life must be carried out by means of a 

“staircase method”, which requires at least 15 specimens for exploratory tests and at least 30 

specimens for reliability data. Moreover, the determination of the SN curve requires a 

minimum of 8 specimens for exploratory testing. In fact, it is recommended that two 

specimens be tested at each of four equally spaced stress levels. In order to comply with the 

aforementioned suggestions, even if limited to the case of exploratory data, testing must be 

performed as quickly as possible. The Rumul Mikrotron 654 produced by Russenberger 

Prüfmaschinen AG (Fig. 2) is a resonant testing machine suitable for loads up to 20kN, 

capable of testing frequencies of about f=115Hz for a test piece with a mass like that of the 

specimens under investigation. Such a testing frequency allows reaching the runout limit 

(5·10
6
) in about 12 hours, without significantly affecting the results in terms of fatigue 

strength at a given life [4 - 6]. 

 

 
Fig. 2 - Rumul Mikrotron 654 at the testing facility (University of Bologna) 
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Fatigue tests have been carried out both in tension (R=0.1) and in bending (R=-1), the total 

number of samples at R=0.1 is n01=36 while that at R=-1 is n-1=30. Each load configuration 

required 15 specimens for the determination of the fatigue limit: the remaining specimens 

have been used for drawing the SN curve. All the specimen blanks (halves) have been 

extracted by milling finished motorcycle cast components, as shown in Fig. 3. It is worth 

noting that the need to extract the specimens from finished components poses a constraint to 

their maximum thickness, which is limited to tmax=5mm. 

 

 
Fig. 3 - Extraction of the specimen blanks from a finished component 

 

Then, the halves have been joined by a TIG manual welding process and then reworked in 

order to obtain the gage section: no subsequent grinding operation has been done. For 

specimens to be tested in bending, the planarity of the side surfaces at the grip area is of 

paramount importance in order to avoid any undesired prestressing of the specimen (Fig. 4): 

for this reason, all the bending specimens have been reworked after welding, only at the grip 

side surfaces. 

 

 
Fig. 4 - Misalignment of a welded bending specimen 

 

The specimens dimensions are reported in Tab. 1. All the specimens have been inspected for 

non-conformities upon arrival at the testing facility: all the relevant data have been stored in a 

datasheet. For instance, the actual thickness value has been recorded for each specimen, in 

order to allow an individual adjustment of the load imposed by the testing device for each 

specimen, so as to achieve the exact remote stress value. The values reported in Tab. 1 for the 

thicknesses are intended as an average calculated over the batch. 
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Tab. 1 - Specimens characteristic dimensions 

  Bending Tension 

Thickness (mean) 4,50 mm 4,90 mm 

Width at grip 24 mm 30 mm 

Grip length 50 mm 45 mm 

Radius 10 mm 15mm  

Width at gage 20 mm 15 mm 

 

The testing procedure for the tension specimens is quite straightforward [7-8] and will not be 

described further. As for the bending tests, these had to be performed by means of a special 

four point bending fixture, provided by the same manufacturer of the test stand. Such fixture 

is represented in Fig. 5: a pilot specimen (without weld) is visible inside the fixture. 

 

 
Fig. 5 - Fixture for bending tests 

 

The specimen is clamped at four points placed along the grip length. The two elements 

indicated by the arrows in Fig. 5 are leaf springs which allow the clamps behaving like simple 

supports: in other words, thanks to their flexibility, they allow for rotations of the specimen 

sections along the axis normal to the view plane. It is worth noting that, due to the 

combination of material strength and load cell range, the specimens have to be loaded in such 

a manner that the bending moment acts along the first principal inertia axis of the section. The 

clamping force is provided by two M10 8.8 hexagon socket head screws for each point: 

normally, these screws are tightened under torque control. The actual preload of a screw is 

related to the tightening torque through the coefficients of friction of the joint [9-11]. Since 

the coefficients of friction are, in this case, unknown, the final preload force acting on the 

specimen cannot be determined. In the case of an excessive clamp preload, the specimen may 

undergo significant deformation right after tightening, especially in the vicinity of the radius. 

An FEA better clarifies such occurrence: the analysis has been run by means of the Ansys 

code V.17. Fig. 6 shows the boundary conditions of the problem. It consists of a plane stress 

model, having a double symmetry at edges B and C and a total node count of n=1500 nodes. 

The elements are 8 node quadratic, called PLANE183 in the Ansys nomenclature. By 

applying a downwards directed vertical load Fy=10kN at the contact surface between the 

specimen and the inner clamp, which roughly corresponds to a tightening torque of T=20Nm 

(assuming µm=0.15), a peak normal stress σx≈31MPa arises at the radius, as shown in Fig. 7. 

Such a stress level is not negligible with respect to the fatigue loads to be imposed during 

testing, therefore a method to control the actual preload force must be implemented. It must 
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be noted, however, that just the preload force generated by the two inner clamps has an effect 

on the stresses at the radius. In fact, the stresses induced by the preload of the external clamps 

is extinguished at an abscissa far enough from the radius. Based on the results shown in [10, 

12] a set of four instrumented sleeves has been introduced under the head of the inner clamps 

screws. Such a device allows to control the actual preload during tightening: the knowledge of 

the friction coefficient is no longer needed. 

 

 

Fig. 6 - FEA for the evaluation of the clamp load effect on σx stresses: boundary conditions 

 

 

Fig. 7 - FEA for the evaluation of the clamp load effect on σx stresses: stress plot at 

Fv=10kN 

 

  

Fig. 8 - (a) Instrumented specimen and (b) instrumented sleeve for screw preload control: 

constant stress area 
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In order to double check the outcomes of the numerical analysis, and to establish a preload 

threshold under which no significant effect on the stresses of the test piece is expected, an 

experimentation has been run on a instrumented specimen, in combination with the 

aforementioned instrumented sleeves. The specimen has been instrumented by means of two 

strain gauges, (Vishay LY13, 6mm grid, 120Ω) placed at the radiused surface, as shown in 

fig. 8 (a). Fig. 8 (b) represents the stress plot on the instrumented sleeve when a preload 

Fy=10kN is applied to the M10 screw. It can be seen that, at an axial distance of about 5mm 

from the underhead contact surface, the axial stress distribution is nearly constant: according 

to this observation, the strain gauge (Vishay LY13, 6mm grid, 120Ω) has been mounted at 

half the length of the sleeve. The experimentation proceeds as follows: (i) the specimen is 

placed inside the fixture, (ii) zero calibration is performed on the specimen and sleeves strain 

gauges, (iii) the internal screws are tightened, controlling the actual preload by means of the 

sleeve reading, (iv) the external screws are tightened by means of a torque wrench, (v) the 

strain along the longitudinal axis of the specimen is read. It can be concluded that, in the 

presence of a screw preload of about Fv=1.5kN (≈65µε compressive strain at the sleeves) the 

stresses at the specimen remain below σx≈2MPa, which can be considered negligible. 

Therefore, for the whole experimentation, the specimens have been mounted on the bending 

fixture by controlling the actual preload force, setting a target sleeve reading of 65µε. 

 

RESULTS AND CONCLUSIONS 

The results from the tensile and bending fatigue test are shown in Fig. 9. The SN curves have 

been plotted in the interval 10
4
 - 5·10

6
 cycles. The inverse slope of the experimental ∆σ-N 

curve is m1=4.5 for the tension load case. As for the bending load case, the inverse slope of 

the experimental ∆σ-N curve is m1=3.55. 

 

Fig. 9 - SN curves for tension (thick lines) and bending (thin lines) load cases. 
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The SN data provided by Standard [2] for the same detail category are in good agreement 

with the data reported in Fig. 9 for the tension load case, whereas the curves relevant to 

bending suggest noticeably higher strength values for given life. Fig. 10 reports two fracture 

surfaces: (a) relevant to a tension specimen, failed at n=224,700cycles, and (b) relevant to a 

tension specimen failed at n=137,500cycles. Both sections show a considerable number of 

cavities on the reinforcement of the weld bead, while an attentive examination of the surfaces 

reveals how the initiation site is often placed at the weld root. 

 

  

Fig. 10 - (a) fracture surface of a tension specimen (n=224,700cycles), (b) fracture surface 

of a bending specimen (n=137,500cycles). 

 

As mentioned in the introduction, the constant amplitude fatigue limit ∆σD is set at 5·10
6
 

cycles, according to Standard [2]. The results of the present experimentation show that the 

fatigue limit of the bending specimen is notably higher than that of the tension specimen 

(∆σD_bending≈2.5 ∆σD_tension). Such occurrence may in part be ascribed to the favourable stress 

gradient which characterizes the former load case. Nonetheless, as the intensity of the gradient 

effect usually falls inside the range 10% to 30% [13], it cannot explain the whole difference if 

considered alone. 

Hence, future developments of this work will deal with: 

(i) a FEA assessment of the theoretical stress concentration factors Kt at the weld 

root and toe: the results for the cases of tension-tension and bending will be 

compared; 

(ii) a thorough analysis of the stresses induced on the specimen during bending 

tests, by means of a dynamic sampling apparatus. 

Such investigations should help defining the factors responsible for the great difference in 

terms of stress-life relationship for the two load cases. 
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ABSTRACT 

The peak contact stresses are addressed that are developed from the frictionless press fit of a 
shaft subjected to bending into an elastically similar hub with bore rounded edges. The non-

linear behavior of this progressive contact is addressed by scaling a local solution available 
from the literature, with the aid of intermediate, auxiliary problems extracted from the fracture 
mechanics realm. The title problem being linear on the global domain with both the bending 
couple and the interference, this problem is solved by combining the FE forecasts obtained for 
two separate load cases, i.e. a) the interference alone and, b) the bending couple alone. Such 
results are expressed in terms of a) stress intensity factors for the auxiliary FM problems, and 
b) hoop strain component, as sampled in the proximity of the indenting edge for both the 
mating members. Design formulae for the contact stresses are proposed, that account for 
various normalized geometrical parameters, such as the outer to inner hub radii ratio, the 
radius of the hub bore fillet, and the contact length. Comprehensive coefficient tables are 
provided as well. Finally, an error analysis for the proposed method is presented. 

Keywords: shaft-hub coupling, interference-fitting, progressive contact, design formulae. 

 

INTRODUCTION 

The shaft-hub coupling of Fig. 1a is considered, subject to the combined actions of a radial 
interference ∆r, and of a bending couple C. An analogous problem has been addressed in 
(Strozzi, 2016), and, in the absence of couple, in (Strozzi, 2011), leading to a set of handy 
design charts. In the present contribution such problem is conveniently rationalized by 
adapting the methodology developed under plane strain conditions in (Strozzi 2015), and 
successfully employed in the case of a rounded edge elastomeric seal (Strozzi, 2016).  In 
particular, the local, plane solution obtained in (Sackfield, 2003) is scaled on the basis of a) 
two auxiliary Fracture Mechanics problems, b) the dimensional considerations in (Leblond, 
1999), c) the stress singularity equivalence between plane strain and axisymmetric, generally 
loaded problems (Yosibash, 1995), and d) dedicated Finite Element investigations (Wilson, 
1965).  Further details are here omitted for brevity, and they will be treated in the full paper. 

 

RESULTS AND CONCLUSIONS 

A practical design formula of ample validity is obtained, based on an attentive problem 
rationalization. System complexity is handled by compiling influence coefficient tables of 
prompt access.  

A favourable error analysis has been performed by comparing design formula results with 

computationally  expensive,  nonlinear FE forecasts.   An error is evidenced on the  +

maxp  peak  
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Fig. 1 - The title problem including nomenclature (a), and the axial pressure profile at two 

antipodal points along the rounded edge, at which the bending moment positively or 

negatively interacts with the interference preload (b). 

pressure (see Fig. 1b) which is generally lower than 10 per cent. Such error is mainly 

ascribable to the progressively imperfect decoupling of the global and the local solutions as 

the pressure peak becomes comparable with its Lamé reference counterpart. 
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ABSTRACT 

Bolted joints subjected to vibrations in service have been always exposed risks of self-

loosening and fatigue failure. However the occurrence conditions of transverse bolt fatigue 

have not been sufficiently revealed although many researches with regard to axial bolt fatigue 

were performed. We had investigated the self-loosening and fatigue characteristics of bolted 

joints subjected to transverse vibration in our previous study. At this time, grip length, that is 

a clamping length due to the bolt, was comparatively long. In this study, transverse fatigue 

tests of the bolted joints with short grip length to simulate a thin plate tightening structure. 

Influences of the grip length and the engaging thread length on apparent transverse fatigue 

limits that is the highest amplitude of transverse vibration in which the bolt does not break 

due to fatigue, have been investigated. The results showed that the apparent transverse fatigue 

limits decreased with an increase in the grip length and the engaging thread length. 

Keywords: bolted joint, fatigue, transverse vibration, grip length, engaging thread length. 

 

INTRODUCTION 

Bolted joint corruptions often cause serious accidents in vehicles and structures (Ministry of 

Land, Infrastructure and Transport, 2013) (Asahi Shinbun, 2002). It is generally considered 

that the causes of the corruptions are self-loosening and fatigue failures of the bolts (Kasei, 

1989) (Hess, 1996) (Hess, 1997) (Pai. 2002) (Jiang, 2003) (Zhang, 2006). Hence we have to 

avoid the self-loosening and the fatigue failures when we use the bolted joints. The bolted 

joints used in the machines and structures subjected to transverse vibrations in service have 

been always exposed higher risks of self-loosening and fatigue failure in particularly. 

However the occurrence conditions of fatigue failure of bolted joint subjected to transverse 

vibration have not been sufficiently revealed although many researches with regard to fatigue 

failure of bolted joint subjected to axial vibration were performed  (Stephens, 2007) 

(Alexander, 2000) (Yoshimoto, 1984) (Ohashi, 1985) (Ohashi, 1994). In our previous 

researches so far, we have mainly investigated the fatigue characteristics of bolted joints 

under transverse vibration (Hashimura, 2006) (Hashimura, 2007) (Hashimura, 2010). The grip 

length, that is a clamping length due to the bolt, was from four times to five times of the bolt 

size approximately, that was comparatively long. If the bolted joints have a comparative long 

such as the previous experiments, the bolt broke due to bending moment by means of 

transverse vibration force. Since the bending moment was a multiplication of the grip length 

and transverse vibration force, it had been seen that the apparent transverse fatigue limits, that 

is the highest amplitude of transverse vibration in which the bolt does not break due to 

fatigue, depended on the grip length. However the bolts might break due to shear force if grip 

length was short. 
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In this study, transverse fatigue tests of the bolted joints with comparatively short grip length 

to simulate a thin plate structure have been conducted. The grip lengths were from the almost 

same length as the bolt size to about twice of the bolt size. Influences of the grip length and 

the engaging thread length on apparent transverse fatigue limits have been investigated in the 

fatigue tests. The bolts used in the tests were commercial hexagon head bolt. 

 

TEST BOLTS AND TIGHTENING SITUATIONS 

Figure 1 shows the schematic illustrations of test bolts and the tightening situations. In the 

experiments, six types of bolts with different nominal lengths were used. Each test bolt was a 

commercial hexagon head bolt M10 with thread pitch 1.5 mm and with fully threaded, and the 

bolt property class was 8.8. Table 1 shows the mechanical properties of the test bolts 

(Yamamoto, 1996). The test bolt was tightened into an internal thread adaptor in the 

experimental apparatus before the transverse fatigue test. The tightening situations shown in 

Fig. 1(a) were for investigation of an influence of the grip length lg on the apparent fatigue 

limits. Fig. 1(b) shows the tightening situations to investigate influences of two engaging 

thread length le on the apparent fatigue limits. 

Table 1 - Mechanical properties of test bolt (property class: 8.8) 

Young’s 

modulus 

E 

Ultimate 

Strength 

σu 

Proof Stress 

σ0.2 

True Ultimate 

Strength of Bolt 

Material 

σT 

Fatigue Strength 

of Bolt Material 

σw0 

Notch factor at the 

root of the first 

thread  

 Κφ 

206 GPa 800 MPa 640 MPa 1370 MPa 290 MPa 3.56 

 

In Fig. 1(a), the engaging thread length was le =15 mm constant. The grip lengths were lg=9 

mm, 12 mm, 17 mm and 22 mm respectively. In Fig. 1(b), the grip lengths were lg=9 mm and 

17 mm. The engaging thread lengths were le=10 mm, 15 mm and 20 mm respectively. As can 

be seen that the nominal lengths l of the bolts were different for each tightening situation. 

Hence the bolts were manufactured cutting the bolts with l=40 mm in order to prepare the test 

bolts from the same lot. The corners of the bearing surface of all the bolts were machined with 

a lathe to create a flat contact surface as shown in Fig.1. 

 

Fig. 1 - Test bolts and tightening situations for the transverse fatigue test of bolted joints 
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Incidentally, there are linear rollers between two clamped parts in Fig. 1(a) and Fig. 1(b) 

although actual bolted joints do not have the linear rollers. In the experiments, the linear 

rollers were placed in order to ignore friction losses between the clamped parts. Consequently 

the bolt had directly received the transverse force through the bearing surface of the bolt. 

 

EXPERIMENTAL APPARATUS 

Figure 2 shows a schematic illustration of an apparatus for the transverse fatigue tests. The 

apparatus was designed to simulate a two-plate structure without a nut. In Fig.2, the test bolt 

was tightened into the internal thread adaptor, with its rotation fixed on a fixed clamped part, 

through a bearing surface part and a load cell for measuring the clamping force F located in 

the center of the apparatus. The lower clamped part including the load cell was fixed on the 

base plate and the upper clamped part was vibrated with an air vibrator. The transverse 

vibration force ∆Pt/2 was controlled by air pressure applied to the air vibrator, with a constant 

amplitude load. The frequency of the vibration depended on the air pressure, and varied from 

35 Hz to 50 Hz. 

The contact surfaces between the two clamped parts were hardened and two lubricated linear 

rollers were placed between the clamped parts in order to ignore the friction. Frictional losses 

were measured to be less than 1% of the transverse vibration force ∆Pt/2 and were ignored in 

this study. The displacement δ of the vibrated clamped part was measured by a laser 

displacement transducer during the transverse fatigue test. 

An internal thread adaptor was made of a medium carbon steel JIS S55C and the internal 

thread was manufactured by tapping. A tap was inserted into the thread before each 

experiment. If an abnormality of the internal thread was detected, the adaptor was replaced 

with a new one. Otherwise, the adaptor was repeatedly used in the experiments. The bearing 

surface part was also made of a medium carbon steel JIS S55C. The bearing surface 

contacting the bolt head was polished with #600 sand paper before each experiment. A 

washer was not used in the experiments. 

 

EXPERIMENTAL PROCEDURE 

In the transverse fatigue tests, the test was started after the test bolt was tightened using a 

wrench at Fi=15kN. It was stopped when the clamping force F reached zero or the loading 

 

Fig. 2 - An experimental apparatus for the transverse fatigue test of bolted joints 
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cycles exceeded ten million cycles. The initial clamping force Fi=15kN corresponds to the 

elastic region of the test bolts. In all experiments, the thread surface and bearing surface were 

lubricated by Molybdenum disulfide grease. In the transverse fatigue test, we could find a 

higher threshold of the amplitude ∆Pt/2 of transverse vibration force at which the bolt does 

not break due to fatigue. In this study, we defined the thresholds as the apparent transverse 

fatigue limit (∆Pt/2)w. 

 

INFLUENCE OF GRIP LENGTH ON APPARENT FATIGUE LIMIT 

Figure 3 shows behaviours of clamping forces F for each amplitude ∆Pt/2 of transverse 

vibration force. In these experiments, the grip length was lg=17 mm and the engaging thread 

length was le=15 mm. In Fig. 3, the ordinate is the clamping force F and the abscissa is the 

number of cycle N of the transverse vibration force. 

It can be seen in Fig.3 ∆Pt/2=0.55 kN that the clamping forces F rapidly decreased after the 

clamping force F had kept a constant value for a while. When the amplitude of transverse 

vibration force was ∆Pt/2=0.55 kN in Fig. 3, the clamping force F did not almost decrease. 

The bolt which the clamping force F was completely lost in this study had fatigue cracks at 

the neck portion under the bolt head, the root of the incomplete thread or the root of the first 

thread. For these bolt which the clamping force F was completely lost, the number of cycle Nf 

to failure significantly depended on the amplitude ∆Pt/2 of transverse vibration force. 

Figure 4 shows relationships between the amplitude of transverse vibration force ∆Pt/2 and 

the number of cycle Nf to failure in the experiments to investigate an influence of the grip 

length. In Fig. 4, the ordinate is ∆Pt/2 and the abscissa is Nf. Symbols , , ,  indicate the 

result for lg=22 mm, 17 mm, 12 mm and 9 mm respectively. The white color symbols show 

indicate the results which the bolts did not break without clamping force reduction. 

It can be seen in Fig. 4 that the fatigue lives Nf depends the amplitude of transverse vibration 

force ∆Pt/2. And the apparent transverse fatigue limits (∆Pt/2)w decreased with an increase in 

 

Fig. 3 - Variations of clamping force of the bolted joints 

during the transverse fatigue tests 

 

Fig. 4 - Relationships between amplitudes of 

transverse force ∆Pt/2 and number of cycles to 

failure Nf. 
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the grip length lg. In the experiments, main fatigue cracks of the broken bolt had been 

generated at the root of the incomplete thread or the neck under the bolt head. However the all 

main fatigue cracks of the broken bolt due to ∆Pt/2 just above (∆Pt/2)w were generated at the 

root of the incomplete thread of bolt. 

Figure 5 shows a relationship between the apparent transverse fatigue limits (∆Pt/2)w and the 

the grip length lg. Fig. 5(a) shows the relationship between (∆Pt/2)w and lg. Fig. 5(b) shows 

fracture surfaces and fatigue cracks of the broken bolt at the root of the incomplete thread. In 

the experiments, since positions at which main fatigue cracks of the broken bolt due to ∆Pt/2 

just above (∆Pt/2)w occurred were different in accordance with the tightening conditions such 

as the grip length and the engaging thread length, the positions was wrote in the side of the 

experimental points in Fig. 5(a). It can be seen in Fig. 5 that the apparent transverse fatigue 

limits (∆Pt/2)w were in completely proportion to the grip length lg. 

 

Fig. 5 - Graph of relationships between apparent fatigue limits (∆Pt/2)w and grip length lg  and fracture surfaces 

and typical fatigue cracks nucleated at the incomplete thread of the bolt. 

In our previous study, if the grip length of the bolted joint was comparatively long, it was 

revealed that the bolt broke due to the bending moment which the bolt was loaded. Fig.6 

shows a schematic illustration of a deformed bolt due to the transverse vibration force ∆Pt/2 

and a bending moment diagram of the bolt. As can be seen in Fig. 6, the bolt deforms S-shape 

if the bolt was loaded transverse force Pt. The bending moment diagram at this case can be 

drawn such as the right diagram of Fig. 6. 

Let x be the bolt axial position in Fig. 6, the bending moment M(x) is expressed the following 

equation. 

( ) B2)( MxPxM t −⋅= ∆  (1) 

where MB is the bending moment generated due to constraint in transverse direction by the 

engaging threads and is expressed as a follows: 

( ) gt lPCM ⋅⋅= 2B ∆  (2) 
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where C is a coefficient which is determined by constraint due to the engaging threads and by 

a slippage between thread surfaces. 

As can be seen in Eq.(1) and (2), the bending moment M is in proportion to the grip length lg 

regardless of fracture position. Therefore even if the bolted joints receive the same amplitude 

of transverse vibration, it is indicated that the bending moment M which the bolt is loaded 

changed if the grip lengths lg are different. The results shown in Fig. 5(a) indicate that the test 

bolts in each grip length lg broke due to not shearing force but the bending stress. 

 

INFLUENCE OF ENGAGING THREAD LENGTH ON APPARENT 

FATIGUE LIMIT 

Figure 7 and 8 show relationships between the amplitude of transverse vibration force ∆Pt/2 

and the number of cycle Nf to failure in the experiments to investigate influences of the 

 

Fig. 6 - An illustration of the deformed bolt by transverse force and a bending moment diagrams of the bolt. 

 

Fig. 7 - Relationships between amplitudes of 

transverse force ∆Pt/2 and number of cycles to 

failure Nf. (Investigation for an influence of le) 

 

Fig. 8 - between amplitudes of transverse force ∆Pt/2 

and number of cycles to failure Nf. 

(Investigation for an influence of le) 
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engaging thread length with the two grip length lg. Fig. 7 was the results for lg=17 mm and 

Fig. 8 was the results for lg=9 mm. In Fig. 7 and 8, the ordinate is ∆Pt/2 and the abscissa is Nf. 

Symbols , ,  indicate the result for le=10 mm, 15 mm and 20 mm respectively. The white 

color symbols show of them are the results which the bolts did not break without clamping 

force reduction. 

It can be seen in Fig. 7 that a difference between the apparent transverse fatigue limits 

(∆Pt/2)w for le=15 mm and (∆Pt/2)w for le=20 mm was small although a difference between 

(∆Pt/2)w for le=10 mm and (∆Pt/2)w for le=15 mm was large. In any case, if the engaging 

thread length le was long, the apparent transverse fatigue limit (∆Pt/2)w decreased. In Fig. 8, a 

difference between (∆Pt/2)w for le=15 mm and (∆Pt/2)w for le=20 mm was not small. 

Meanwhile a difference between (∆Pt/2)w for le=10 mm and (∆Pt/2)w for le=15 mm was futher 

large. In any case, if the engaging thread length le was long, the apparent transverse fatigue 

limit (∆Pt/2)w decreased. Hence it is considered that the influence of the engaging thread 

lengths are magnified if the grip length was short. 

Figure 9(a) shows relationships between the apparent transverse fatigue limits (∆Pt/2)w and 

the engaging thread lengths le. Fig. 9(b) shows fracture surfaces and fatigue cracks of the 

broken bolt at the neck under the bolt head as a typical case although Fig. 9(b) is not the 

results shown in Fig. 7 and 8. Positions at which main fatigue crack of the broken bolt due to 

∆Pt/2 just above (∆Pt/2)w occurred was wrote in the side of the experimental points in Fig. 

9(a). It can be seen in Fig. 9(a) that the apparent transverse fatigue limits (∆Pt/2)w decreases 

with an increase in the engaging thread lengths le. But their relationships were not linear. The 

main fatigue cracks of the broken bolt due to ∆Pt/2 just above (∆Pt/2)w of the case for le=10 

mm were different from other cases of le. A main fatigue crack generated at the neck under 

the bolt head in the case for lg=9 mm and le=10 mm. In particularly in the case for lg=17 mm 

and le=10 mm, two main fatigue cracks nucreated at the root of the incomplete thread and at 

the root of the first thread. It is considered from Fig. 9 that the bending moment diagrams of 

the bolts are changing according to each condition. To confirm the causes that the apparent 

 

Fig. 9  - Relationships between apparent fatigue limits (∆Pt/2)w and grip length le and fracture surfaces and 

typical fatigue cracks nucleated at the neck of bolt and at the incomplete thread of the bolt. 
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transverse fatigue limits (∆Pt/2)w changed according to the engaging thread lengths le we 

measured the bending moment M(x) loaded on the bolt using strain gages. 

Figure 10 shows the bending moments M(x) loaded on the bolts due to the transverse force 

∆Pt/2. Fig. 10(a) and (b) are the bending moment diagrams of the bolts with the grip length 

lg=9 mm and 17 mm respectively. In these figure, the ordinate is the bending moment M and 

the abscissa is the position x along the bolt axis. Points in the bending moment diagram 

indicates positions at which the bending moments were measured by strain gages. 

 

 

 

 

 

It can be seen in Fig. 10 that the actual bending moments M(x) are linear functions as shown 

in Fig. 6 and are different according to the engaging thread length le and the grip length lg. We 

discuss a relationship between the fracture position shown in Fig. 9(a) and the bending 

moment diagrams shown in Fig. 10. 

 

The tightening conditions which the bolt broke at the root of incomplete thread are the case 

for le=15 mm and 20 mm at lg=9 mm, and the case for le=15 mm and 20 mm at lg=17 mm. It 

can be seen from the bending moment M at those cases that the bending moment M(RI) at the 

root of the incomplete thread are higher than those M(RF) at the root of the first thread. 

Therefore the amplitudes of cyclic maximum principal stress at the root of the incomplete 

thread become larger than those at the root of the first thread. 

 

 

Fig. 10 - Bending moment diagrams acting on the test bolt with different grip lengths lg. 
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As the results, the bolt broke at the root of the incomplete thread. In the case for le=10 mm at 

lg=9 mm, the bolt broke at the neck under the bolt head. It can be seen in Fig. 10(a) that 

gradient of the bending moment M was markedly large. Hence the difference between the 

bending moments M(RF) at the root of the first thread and the bending moment M(RI) at the root 

of the incomplete thread were large comparatively. Therefore the bolt broke at the neck under 

the bolt head although the section diameter at the neck under bolt head was large. In the case 

for le=10 mm at lg=17 mm, the main fatigue cracks nucleated at the root of the incomplete 

thread and at the root of the first thread. It can be seen in Fig. 10(b) that the bending moment 

M(RF) at the root of the first thread and the bending moments M(RI) at the root of the 

incomplete thread were almost the same. Consequently the main fatigue cracks nucleated at 

the root of the incomplete thread and at the root of the first thread. 

Incidentally, we focus on the results of the tightening cases for le=10 mm and 20 mm in Fig. 

9. The apparent transverse fatigue limit (∆Pt/2)w significantly decreased with an increase in 

the engaging thread length le. And these main fatigue cracks of the broken bolt due to ∆Pt/2 

just above (∆Pt/2)w nucleated at the root of the incomplete thread and at the neck under the 

bolt head. To be realized this case, the bending moment at the first thread must decrease with 

an increase in the engaging thread length le. However if the engaging thread length is long, it 

is considered that the bolt thread is constrained strongly in the transverse direction. Hence we 

focus occurrence of inclination and slippage of the bolt thread due to the transverse vibration 

at the engaging threads. We investigated resistance force by friction to not slip at the engaging 

threads using FE analysis models shown in Fig. 11. 

 

 

Fig. 11 - FE analysis model of the test bolts with different engaging thread lengths le. 
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Figure 11(a) shows the calculated contact forces Ni at each bolt thread of the bolts with le =10 

mm and with le =20 mm. FE analysis was cunducted with elastic axisymmetric model shown 

in Fig. 11(b) and (c). Fig. 11(b) shows the FE analysis models of the bolt with le =10 mm and 

Fig. 11(c) shows the FE analysis models of the bolt with le =20 mm. In the FE models, a 

lower surface of an upper clamped part was constrained in Y direction and clamping force Fi 

was applied to an upper surface of a lower clamped part. Young’s moduous E and poisson’s 

ratio ν of the bolt and the clamped parts were 206 GPa and 0.3 respectively. A friction 

coefficient between bearing surfaces µw and a friction coefficient between thread surfaces µs 

were assumed µw=µs=0.10. 

It can be seen in Fig. 11(a) that the contact force Ni of the bolts with le =10 mm is of course 

larger than that of the bolts with le =20 mm because the number of thread which loads the 

clamping force was small. If we assume that the first six threads mainly contribute to the 

inclination and the slippage at the engaging thread portion, the friction force P10 for le=10 mm 

becomes P10=2.5 kN and the friction force P20 for le=20 mm becomes P20=2.0 kN. Hence it 

can be considered that the inclination and the slippage at the engaging bolt thread of the 

bolted joint with le=10 mm is unlikely to occur. As the results, since the inclination and the 

slippage at the engaging bolt thread of the bolted joint with le=20 mm was likely to occur, it is 

considered that the apparent transverse fatigue limit (∆Pt/2)w of the bolted joint with le=20 

mm was lower that (∆Pt/2)w of the bolted joint with le=10 mm. 

 

CONCLUSION 

In this study, transverse fatigue tests of the bolted joints with comparatively short grip length 

to simulate a thin plate structure have been conducted. The main conclusions obtained in this 

study are summarized as follows. 

1. We investigated influence of the grip length on the apparent fatigue limit for the bolted 

joint with the engaging thread length 15 mm. Within the grip lengths 9 mm, 12 mm, 17 

mm and 22 mm, the apparent transverse fatigue limits were in completely proportion to the 

grip length. 

2. We also investigated influences of the engaging thread length on the apparent fatigue 

limits for the bolted joint with the grip length 9 mm and 17 mm. Within the engaging 

thread lengths 10 mm, 15 mm and 20 mm, the apparent transverse fatigue limits decreases 

with an increase in the engaging thread lengths. However the relationships were not linear. 

3. The influence of the engaging thread lengths on the apparent transverse fatigue limits are 

magnified if the grip length was short. 
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ABSTRACT 

Structural adhesives technology has changed the concept of joints bonding different materials 
in a unique solid assembly and making them part of the structures. These joints not only 
increase strength and stiffness but also reduce weight, which is important, for instance, for 
vehicles and airplanes. The present study reports the results of applying urethane structural 
adhesives in automotive components. Lap shear in joints formed by polymeric composites, 
such as RTM and SMC, ABS thermoplastic and galvanised steel, was evaluated. The results 
show very good adherence between the adhesive and the substrates under different 
temperature conditions and relative humidity. 

Keywords: adhesion, mechanical tests, joints. 

 

INTRODUCTION 

In recent years, the structural adhesives technology has shown great potential application 
because of its ability to transform complex structures into solid, monolithic units using 
different materials. Therefore, joints become part of these structures, providing, in addition to 
weight reduction, a considerable increase in mechanical strength and stiffness (Baldan, 2004).  

The adhesives for such applications have attractive chemical and mechanical properties, 
which have not been sufficiently studied or understood, perhaps because of the complex 
interactions existing between the substrate and adhesives (Kinloch, 2000). Theories based on 
adsorption, diffusion, mechanical lock, chemical interactions and electrostatic forces and 
secondary adhesive interface - substrate are available (Petrie, 2000). 

The use of structural adhesives in vehicles arose from the need to bond metallic inserts and 
reinforcements in hoods, grilles and fenders to components manufactured by the RTM and 
SMC processes without mechanical fasteners. The success of structural adhesives has 
changed the concept of structural bonding, and today, almost all vehicles use structural 
adhesives such as urethane, epoxy and acrylic. Polymeric adhesives offer several advantages 
over metallic joints, providing uniform distribution of static and dynamic stress and cost 
reduction in the production chain and in maintenance, as compared with traditional 
mechanical fasteners (Quini, 2005].  

 

RESULTS AND CONCLUSIONS 

For all samples using polymeric substrates, SMC, RTM and ABS, a reduction in the shear 

strength was identified, always with failure in the substrate, when compared with that 

obtained at baseline (25 °C). For the SMC substrate tested under condition 1, there was a 

reduction in shear strength of 8.6%, with rupture of the specimen; under condition 2, a 
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reduction of 44.8% with delamination was observed. For RTM under condition 1, there was a 

decrease of 6.6%, with rupture of the specimen and under condition 2, a reduction of 47.5% 

with delamination. In the composite substrate, it was observed that not only the reduction 

behaviour of the shear strength was similar in shape to the rupture but also the percentage of 

reduction, and thus the combined effect of exposure to temperature and relative humidity 

significantly reduces the shear strength of the joint for these composite materials.  

In ABS substrates subjected to condition 1, there was a reduction of 8.3% in the shear 

strength, while under condition 2 there was a reduction of 33.3%. The behaviour of ABS 

under these two conditions was similar to that observed in composite substrates.  

The immersion of polymeric materials in water may initiate hydrolysis and corrosion and 

reduce the resistance of a joint, which may affect the substrate and the urethane adhesive. This 

condition may occur in a practical situations: for example, bonded parts of vehicles will be 

exposed to water in the form of rain or cleaning purposes. Therefore, the effect of water 

immersion on the joints of SMC, RTM, ABS and galvanised carbon steel was evaluated. The 

specimens were immersed in distilled water at 25 °C for 500 h, followed by manual drying 

with paper towels, and  were tested to obtain the shear strength.  

One of the most critical factors for promoting degradation of polymeric materials and 

corrosion of metallic materials, with consequent loss of material strength, is the exposure to 

salt spray. Because of the presence of minerals, salt spray can combine the corrosive effects of 

minerals with moisture, reducing the lifetimes of many materials. The effect of salt spray on 

the joints, previously mentioned in the exposure condition for 240 h, was evaluated. 

Variations in temperature, humidity, time and salt spray can create unfavourable conditions 

when combined, which reduce the load capacity of the joint. The effect of these external 

conditions on specimens was evaluated together in two cycle: cycle 1, relative humidity, salt 

spray, high and low temperature plus salt spray; and cycle 2, relative humidity, high and low 

temperature.  

The joints formed with the urethane adhesive had excellent performance in the different 

exposure conditions, such as humidity, salt spray, temperature accelerated aging, different 

temperature and exposure cycling tests combining different conditions. Such performance 

allows the urethane adhesives as suitable for use in bonding automotive components with the 

substrates studied in this work. 
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ABSTRACT 

Generally tribological behaviors are affected by a counterpart material. Therefore more 

fundamental researches about counterpart material are necessary. In this research tribological 

behaviors of carbon coating when slid against various counterpart material, including SiC, 

SiC(O) that is SiC after annealing at 1000ºC, Si3N4, Al2O3, Al2O3(Si) that includes more Si 

atomic concentration than Al2O3 and Si wafer at various temperatures in air have been 

investigated. Carbon coating when slid against SiC showed the lowest wear rate at 23ºC, and 

carbon coating when slid against Si3N4 showed the lowest wear rate at 140ºC and carbon 

coating when slid against SiC(O) showed the lowest friction coefficient at all temperature. 

Keywords: diamond-like carbon, wear, counterpart materials, high temperature. 

 

INTRODUCTION 

Carbon coatings have a keen attention according to its low friction, high hardness and high 

wear resistance properties. There are needs to apply carbon coatings into ceramic mechanical 

parts, such as mechanical seal. However the tribological properties of carbon coatings when 

slid against ceramics are still not investigated sufficiently (Deng 2013, 2014). Generally 

tribological behaviors are affected by a counterpart material. Therefore more fundamental 

researches about counterpart material are necessary. In this research tribological behaviors of 

carbon coating when slid against various counterpart materials at various temperatures in air 

have been investigated. 

 

EXPERIMENTAL MATERIALS 

Friction pair is a-C:H coated steel ball which dimeter is 8 mm and various kinds of ceramic 

disks. Hydrogenated amorphous carbon as a-C:H was coated on the high chromium carbon 

steel ball as SUJ2 bearing steel ball with ionized evaporation method. The a-C:H has 1 µm in 

thickness, 25.5 GPa in hardness and 5 nm in average surface roughness. The ceramic 

counterpart materials of disks are SiC, SiC(O) that is SiC after annealing at 1000ºC, Si3N4, 

Al2O3, Al2O3(Si) that includes more Si atomic concentration than Al2O3 and Si wafer. Table 1 

shows the properties and compositions of ceramic counterpart materials. 

 

RESULTS AND CONCLUSIONS 

Figure 1 shows effect of ceramic counterpart materials and temperature on friction coefficient 

and specific wear rate of a-C:H coatings on steel ball. It can be seen that SiC(O) shows lowest 
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friction coefficient in the temperature range from 25 
o
C to 140 

o
C as less that 0.1. Al2O3 and 

Si3N4 disks show the decreasing tendency with the increasing temperature. On the other hand, 

SiC and Al2O3(Si) did not show low friction coefficient at 140 
o
C.  In the view point of wear 

of a-C:H, SiC, SiC(O) and Al2O3(Si) did not show low wear rate at 140 
o
C. On the other hand, 

Al2O3 and Si3N4 disks show low wear rate at 140 
o
C.  

This study shows the ceramic counterpart materials affect friction and wear properties at high 

temperature as 140 
o
C. When we will use the sliding pair of a-C:H coating and ceramic  at 

140 
o
C. Al2O3 and Si3N4 ceramic disks are better than SiC and others for low friction and 

wear. 

Table 1 - Properties and compositions of ceramics counterpart materials 

 

 

Hardness  

[HV] 

Roughness  

Ra [nm] 

Roughness 

 Rz [nm] 

Atomic compositions [%] 

Si C N Al O Mg 

SiC 2400 5 24 62.1 37.9 0.0 0.0 0.0 0.0 

SiC(O) 2380 5 39 65.0 17.7 0.0 0.0 17.3 0.0 

Si₃N₄ 1500 5 21 49.5 0.0 43.7 3.6 3.2 0.0 

Al2O3 1250 5 23 1.0 0.0 0.0 33.5 64.0 1.5 

Al2O3(Si) 1100 5 29 5.5 0.0 0.0 37.7 54.6 2.3 

 

 

 

Fig. 1 - Effect of ceramic counterpart materials and temperature on friction coefficient and 

specific wear rate of a-C:H coatings on steel ball 
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ABSTRACT 

This work analyses the effects of surface texturing on friction under different lubrication 

regimes by means of experiments performed with non-conformal contacts. Different texturing 

designs were created on the surfaces of testing specimens by means of a photolithography and 

chemical etching process. The testing conditions were selected using a theoretical model for 

predicting film thickness, which ensure that experimental conditions cover from fluid film to 

mixed lubrication. The results show that some designs of textured surfaces achieve important 

reductions in friction, especially under mixed lubrication conditions. 

Keywords: surface texturing, friction, mixed lubrication, photolithography. 

 

INTRODUCTION 

Many lubricated systems operate under extreme conditions of load and velocity which are 

unfavorable for lubrication, such as the conformal and non-conformal contacts that occur in 

gears, rolling bearings and other machine elements (Aslantas, 2004 and Stachowiak, 2005). In 

these cases there is frequently insufficient film thickness to achieve fluid film lubrication 

conditions and contacts between surface asperities arise (Akchurin, 2015), leading to an 

increase in friction and wear (Hamrock, 1994 and Bhushan, 2002). 

The specific film thickness λ defined in Equation (1) allows the different lubrication regimes 

to be distinguished (De la Guerra, 2015). This parameter compares the minimum lubricant 

film thickness hmin to the combined roughness of the contacting surfaces σ. 

minh
λ

σ
= ; with 2 2

1 2σ σ σ= +      (1) 

Where σ1 and σ2 denote the roughness (RMS) of each surface. For values of λ higher than 2 

fluid film conditions are generally achieved, whereas for lower values the contact operates 

under mixed or boundary conditions (Zhu, 2001 and Linares, 2005). Fig. 1 illustrates the 

lubrication regimes as a function of λ in the so-called Stribeck curve (Stribeck, 1902), 

together with an outline of the contact in each of the lubrication conditions. 

When the regime moves away from fluid film conditions to mixed lubrication, the use of 

textured surfaces plays an important role. The textures serve as micro-reservoirs that retain 

the lubricant (Pettersson, 2003 and Hsu, 2006) and therefore contribute to an increase in film 

thickness, with the ensuing reduction of friction and wear (Krupka, 2007). That is to say, the 

use of textured surface modifies the Stribeck curve by enlarging the fluid film lubrication 

region, as shown in Fig. 1. 
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Fig. 1 - Stribeck curve and lubrication regimes. Effect of the use of textured surfaces. 

 

This article focuses on the study of the influence of textured surfaces on friction in non-

conformal contacts. To this aim different texturing designs are created on the surface of 

copper discs following a photolithography and chemical etching process (De la Guerra, 2013) 

and they are tested in a ball-on-disc tribometer. In order to select an appropriate range of the 

input parameters during the tribological experiments, we have employed a theoretical model 

for predicting lubricant film thickness (Echávarri, 2014), which takes into account the elastic 

and piezoviscous behaviours, combined with the shear-thinning and the thermal effects. In 

this way, a wide range of testing conditions has been chosen to include measurements under 

different lubrication regimes. 

 

CREATING TEXTURED SURFACES 

The photolithography and chemical etching process lets textured surfaces be created on one of 

the flat sides of the copper discs. Initially, the surface of the disc is covered by adhering a 

photoresist layer, which is then exposed to a monochromatic ultraviolet light with the SF-100 

Intelligent Micro Patterning equipment by using different virtual masks. Each mask includes 

black areas that correspond to the texturing design drawn with CAD software, while the rest 

of the areas are white. In white areas, the photoresist hardens during exposure and remains on 

the disc during subsequent etching, whereas in black areas photoresist does not cure and can 

be easily removed with a Na2CO3 bath, leaving the surface prepared for the chemical etching. 

Subsequently, the disc is submerged in a FeCl3 bath, which attacks the areas of the surface 

without photoresist and creates the textured surface. Finally, the remaining photoresist is 

removed and the discs are thoroughly cleaned. 

In this way, textures with linear patterns and circular dimples are created. Several radii are 

selected for the circular dimples: 100, 200 and 350μm, with a texturing density of 10% in all 

of them. The control of time and temperature during chemical etching lets uniform depths be 

obtained, with a result of 60μm. Fig. 2 shows the SF-100 photolithography system and the 

Olympus DSX-500 opto-digital microscope used to inspect the three-dimensional geometry 

on the texturing. Fig. 3 illustrates some examples of textured surfaces developed. 
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Fig. 2 - SF-100 Intelligent Micro Patterning and Olympus DSX-500. 

 

    
Fig. 3 - Examples of textures: linear pattern with a width of 300μm and a depth of 60μm, and 

circular dimples with a radius of 100μm, a depth of 60μm and texturing density 10%. 

 

THEORETICAL MODEL 

The lubrication regime of the contact can be determined by means of a model for predicting 

film thickness, which considers the main equations of lubricated surfaces in relative motion. 

The Reynolds equation is combined with Boussinesq’s theory for the elastic deformation and 

the load balance equation (Venner, 2000 and Echávarri, 2014). Thus, the set of Equation (2-4) 

is found: 
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Where h is the film thickness, h’ the minimum film thickness for the rigid body approach, um 

the average velocity, W the normal load, p the pressure, ρ the lubricant density, η the viscosity 

and E’ the reduced Young’s modulus. This last parameter takes into account Young’s moduli 

E1, E2 and Poisson’s ratios ν1, ν2 of the materials in contact. 
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Finally, Rx, Ry are the equivalent radii in the directions x and y, which for a contact between a 

ball on a flat disc are both equal to the radius of the ball R. 

Bearing in mind the piezoviscous and pseudoplastic behavior of the lubricant, the viscosity is 

calculated using the following equation (Carreau, 1972, Bair, 2006 and Echávarri, 2016). 

1
2 2*

* 0
0 1

n

p
p e

e
G

α
α η γ

η η

−

  
 = +      

&

    (6) 

Being η0 the viscosity at ambient pressure, α* the viscosity-pressure coefficient and γ&  the 

shear rate. Exponent n is specific to the lubricant and G is its shear modulus. 

The variation in lubricant density with pressure has been modelled according to the following 

expression (Höglund, 1999), where ρ0 is the density at ambient pressure and C1, C2, C3, s are 

specific constants for each lubricant. 

  

1

2 31

2

0 2 1

4 ( )( )
1 1 1

2

C p CCp
s

C C

ρ
ρ

−
   −

= + + +   
   

    (7) 

By applying multilevel techniques (Lubrecht, 1987) the lubrication problem can be solved 

under isothermal conditions. This requires an iteration loop for the pressure curve, starting 

from the Hertzian distribution (Lafont, 2009) and following the steps indicated in Fig. 4 until 

reaching a result for the distribution of both pressure and film thickness. 

 

 

Fig. 4 - Flow chart for the isothermal calculation. 

 

The minimum isothermal film thickness obtained can be multiplied by the thermal factor φT 

given in Equation (7) to take into account the reduction in film thickness due to viscous 

heating of the lubricant (Hamroch, 1994). 
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Where p0 is the maximum Hertzian pressure, ∆u the sliding velocity, β the temperature-

viscosity coefficient and Kl the thermal conductivity of the lubricant. The Hertzian pressure p0 

and the contact radius a are computed with Equation (8) for point contact (Bair, 2007). 

0 2

3

2

W
p

aπ
= ; with 3

3

2 '

WR
a

E
=      (9) 

 

EXPERIMENTATION 

Experimental measurements have been performed on a Mini-Traction-Machine (MTM) 

developed by PCS Instruments. This equipment, shown in Fig. 5, measures the friction 

coefficient of a ball-on-disc lubricated contact. Controlled input parameters are normal load, 

lubricant temperature, average velocity and slide-to-roll ratio (SRR). The SRR is defined in 

Equation (10) and varies from 0% (pure rolling) to 200% (pure sliding). 

% 100
m

U
SRR

u

∆
=       (10) 

   

Fig. 5 - Photographs of the machine and the test zone in the MTM. 

The textured copper discs have been tested using balls made of E-52100 steel with a diameter 

of 19mm. Both balls and discs were highly polished and present a combined roughness of 

28nm approximately. 

The lubricant chosen is a polyalphaolefin base PAO-6, whose viscous properties are shown in 

Table 1, from where the temperature-viscosity coefficient β=0.033K
-1

 can be obtained. This 

fluid presents the following parameters of the Carreau model, thermal conductivity and 

density at ambient pressure (Echávarri, 2011 and Larsson, 2000): n=0.81, G=0.1MPa, 

Kl=0.15W/mK and ρ0=0.8 g/cm3. The constants of the density model in Equation (7) for a 

PAO (Höglund, 1999) are as follows: C1=1.0, C2=24.5, C3=0 and s=-1.  

Table 1 Viscous properties of the lubricant at different temperatures. 

T (ºC) η0 (mPa·s) α* (GPa
-1

) 

40 25.00 11.5 

60 12.57 10.1 

80 7.36 9.0 

100 4.78 8.2 
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RESULTS AND DISCUSSION 

The theoretical predictions of minimum film thickness under different operating conditions in 

the MTM are shown in Fig. 6. The results shed light on the lubrication regimes that can be 

attained as a function of the input parameters selected for the tests. Bearing in mind the 

combined roughness of 28nm, at a lubricant bath temperature of 40ºC, fluid film lubrication is 

always attained for average velocities higher than 1m/s, as the film thickness is above 56nm 

in all cases. However, it can clearly be seen that at a bath temperature of 80ºC, the lower 

viscous properties lead to a mixed lubrication regime when the average velocity diminishes at 

a constant load, mainly for high slide-to-roll ratios. 

 

  

Fig. 6 - Minimum film thickness calculated for different input parameters. 

According to the trends shown in Fig. 6, for a load of 20N, a mixed lubrication regime may 

also be attained at 40ºC for average velocities lower than 1m/s. This can be observed for the 

tests performed on the MTM (Fig. 7) where a rapid increase in the friction coefficient is found 

as average velocity decreases. Fig. 7a shows the results for different texturing patterns, 

together with the results of an untextured disc used as reference values. Both linear pattern 

and circular dimples, especially the latter, lead to significant drops in friction. On the other 

hand, Fig. 7b compares the results between discs textured with circular dimples of different 

radius, where a slightly higher reduction in friction is observed for the lower radius (100µm). 

 

   

Fig. 7 - a. Comparison between textures with a linear pattern of 300µm width, and circular 

dimples with a radius of 100µm; b. Influence of the radius of the circular dimples. 
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As for the circular dimples with a radius of 100µm, the positive influence on friction may also 

be observed under very different operating conditions of loads and slide-to-roll ratios, as 

shown in Fig. 8. It is worth noting that the most significant differences of behaviour between 

textured and untextured surfaces are found at the lowest velocities shown in the graphs, which 

correspond to a mixed lubrication regime. In contrast, increasing the velocity leads to fluid 

film conditions and therefore textured and untextured curves converge. 

 

 

Fig. 8 - Friction coefficient results for textured surfaces with dimples with a radius of 

100µm, and comparison with untextured specimens. 

 

Concerning the influence of the lubricant bath temperature, Fig. 9 shows the friction 

coefficient measurements in the MTM for a disc textured with circular dimples of 350μm 

radius, at a load of 5N. 

 

 

Fig. 9. Friction coefficient results at different temperatures for textured surfaces with 

dimples with a radius of 350µm. 
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Under this lower load of 5N the film thickness tends to increase and fluid film lubrication is 

attained at 40 and 80ºC for most of the average velocities represented in Fig. 9. Greater 

viscous properties at 40ºC cause a higher friction under full film conditions but the transition 

towards a mixed regime barely appears at very low velocities. However, at 80ºC a significant 

rise in friction can be seen under mixed lubrication. 

 

CONCLUSIONS 

Photolithography and chemical etching have shown to be a good tool for creating textured 

surfaces with different patterns. The influence of the texturing design on the friction in non-

conformal contacts has been analysed both experimentally and with the aid of a theoretical 

model. This model estimates the lubricant film thickness and provides information on the 

lubrication regimes, which has been useful when selecting the experimental conditions in a 

tribometer. The test plan performed has allowed a quantification of the reductions in the 

friction coefficient achieved for different types of texturing designs. Textures with circular 

dimples with a radius of 100μm have led to greater reductions in the wide range of operating 

conditions studied, mainly under mixed lubrication conditions. 
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ABSTRACT 

This work presents a methodology for predicting the Non-Newtonian behavior of 

monodisperse lubricants under typical pressure, temperature and shear rate conditions for 

elastohydrodynamic (EHD) contacts. For its correct application we require some tests using a 

conventional point contact tribometer and information on the low shear viscosity and density 

variations with pressure and temperature -these characteristics can be easily found in technical 

documents or by testing-. Finally, this procedure is validated testing a PAO-6 base oil. 

Keywords: rheological characterization, Carreau, elastohydrodynamic lubrication (EHD), 

tribometer. 

 

INTRODUCTION 

Over the last few decades, numerous articles have been published concerning different models 

for predicting the behaviour of lubricants in elastohydrodynamic type contacts (EHD). They 

all incorporate rheological models that characterise the behaviour of lubricants at high shear 

rates and high pressures, and also include the effects of generating and transmitting heat in the 

contact. Using these models, it is possible to accurately determine the contact friction 

coefficient and the distributions of temperature, pressure and film thickness (Bair, 2007). One 

of the main issues for practical application of these models lies in the fact that the rheological 

characteristics of the lubricants are unknown, due to the difficulty of assessing their behaviour 

experimentally under usual EHD regime conditions, implying extreme pressure and shear rate 

conditions in the lubricant: in point or line contact systems, shear rates of around 10
7
-10

8
s

-1
 

often appear simultaneously with pressures of around 1GPa (Echávarri, 2011). 

With pressurised Couette viscometers (Bair, 2007) it is usually possible to obtain direct 

viscosity measurements at shear rates up to around 2·10
4
s

-1
 and with pressures of up to 

0.3GPa. These are therefore a long way off usual elastohydrodynamic conditions. In some 

cases, improvements have been reported in pressurising up to 900MPa (Bair, 2007) and in 

other cases of a shear rate up to 8·10
4
s

-1
 (Pipe, 2007), where it is difficult to ensure that the 

equipment works correctly in such demanding conditions. On the other hand, complex 

molecular simulation techniques are becoming increasingly popular. As an example, Bair 

(Bair, 2007) presents results with these techniques for shear rates that reach typical 

elastohydrodynamic values, although at moderate pressure values, around 0.3GPa. In addition 

to generally not reproducing all conditions that occur in an EHD contact satisfactorily, the 

most cutting-edge viscometers nowadays, including any mentioned previously, are only found 

in very few labs throughout the world, and so it is difficult to gain access to them. Therefore, 
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the real pressure and shear rate operating conditions for lubricants in EHD exceed current 

limits for direct viscosity measurement. 

This article suggests an alternative approach, capable of determining the rheological 

behaviour of lubricants by using predictive EHD models and friction measurements, obtained 

experimentally in a simple tribometer with point contact working in EHD conditions that are 

far easier to find than the aforementioned viscometers. The calculation methodology 

presented in this article represents an improvement in the characterisation procedure 

suggested in a prior paper (Lafont, 2010). The principle new concept consists of improving 

selection of experimental values to be entered in the model, as well as the correlation between 

values obtained for specific pressure and temperature values. 

 

NUMERICAL MODEL 

The behaviour of viscosity η in the majority of monodisperse lubricants adjusts satisfactorily 

to the Carreau model (Bair, 2003) depending on the pressure, p, the temperature, T, and the 

shear rate, γ& : 

( ) 1
2 2

( , )
( , , ) ( , )· 1

( )

n T

ls
ls

p T
p T p T

G T

η
η γ η γ

−

  
= +  

   
& &  with 

( )·

0( , ) ( )·e T p

ls p T T αη η=  (1)  

where G is the shear modulus of the lubricant and n an exponent. ηls represents the viscosity 

value at a low shear rate according to the Barus model, where η0 and α are the viscosity at a 

reference temperature and the pressure-viscosity coefficient, respectively, of the lubricant for 

low values of γ& .  

In all EHD contacts where the lubricant is working in a Non Newtonian regime (non linear), it 

is demonstrated that ( , ) / ( ) 1ls p T G Tη γ >>&  inside the Hertzian area of contact. It is also verified 

that the Couette component is predominat in the flow (Bair, 2007), thereby assuming that 

γ = ∆&
cu h , where hc is the central film thickness and ∆u the difference of speeds for the 

surfaces in contact. Therefore, equation () can give the following approximation for the 

viscosity: 
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−
− −

 ∆
= =  

 
& &

n
n p n p

n n n

n n

c

e e u
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G T G T h
  (2) 

The procedure that is suggested in this work, represented in Fig. 1, helps to adjust the n and G 

parameters of the Carreau model for a lubricant from measurements of its friction coefficient, 

µ, in an EHD contact. These values for µ are obtained experimentally in a point contact 

tribometer lubricated in preselected conditions of load W, average surface speed um, two 

different conditions for slide-roll ratio SRR(%)=∆u·100/um, SRR1 and SRR2, equivalent radius 

R, equivalent elastic modulus E’ and the oil bath temperature T0. The two conditions for SRR 

are necessary to be able to adjust n and G parameters for expression (), determining two 

different conditions for the shear rate of the lubricant. 
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Fig. 1 - Calculation procedure 

 

Working from initial values for n and G, obtained by means of an approximate analytical 

method (Lafont, 2010), the EHD problem is solved numerically throughout the entire contact 

area, and the profiles are corrected for pressure, P, and film thickness, H, regarding the 

initially supposed profiles, under Newtonian conditions. By varying P and H, we modify the 

result of n and G according to adjustment functions f (10) and g (11), respectively. By 

performing an iterative calculation process, it is finally possible to converge average lubricant 

values for n and G in the contact. Solving the EHD problem leads to solving the Reynolds 

equation, not only influenced by lubricant viscosity η, but also by lubricant density ρ.  

The n and G values obtained with the calculation procedure defined in Fig. 1 are obtained as 

an average value along the whole contact area. However, the aim of the procedure is to obtain 

these values for specific operating conditions, pressure and temperature (practically the same 

as for the bath, T0, if isothermal conditions are attained). For this reason, this work defines the 

effective pressure, pe, from Fig. 2, as the pressure value whose corresponding viscosity ηls(pe), 

constant throughout the contact area with radius a, contains the same volume as the viscosity 

integral ηls obtained from the Hertzian pressure distribution p of the contact (shown in orange 

in Fig. 2, where p0 is its maximum pressure value) over the same area (1). The chosen 

procedure turns out to be similar to what is suggested in (Muraki, 1999) for another 

rheological model. 
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Fig. 2 - Effective pressure pe 

Integrating (3) gives the following expression for pe: 
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0
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α

α α α α

  
= − +  

   
 (4)     

Associating the values obtained from n and G at their corresponding value of pe for each case 

of load W studied, and also varying the oil bath temperature T0, this finally gives the curves 

n(p,T) and G(p,T) that are characteristic of the lubricant being tested.  

 

SELECTION OF THE OPERATING CONDITIONS 

One problem detected in the rheological characterisation methodology suggested in (Lafont, 

2010) consists of the correct selection of the EHD contact operating conditions, which have to 

make the lubricant work in its Non-Newtonian regime along the contact, and in turn guarantee 

isothermal conditions so as not to make procedure too complex. 

The first step consists of identifying all conditions that mean that the contact is working under 

full film lubrication regime. To do this, the following condition is imposed on the 

dimensionless film coefficient: λ = hc/σ > 2.5, where σ is the equivalent roughness of the 

surfaces in contact. Within the fluid film regime, conditions must in turn be identified that 

guarantee Non-Newtonian and quasi-isothermal behaviour of the lubricant. To do this, the 

conditions appearing in Table  can be used, depending on the different dimensionless values 

that represent the lubricant behaviour in the contact: Wi, Li and Ti (Habchi, 2013), (Björling, 

2013).  

Table 1 - Operating zones in an EHD contact. (*) For test conditions set in (Habchi, 2013) 

Regime Description 
Control   

parameters 
Conditions 

Linear 

There is a linear relationship µ-SRR. It is determined using 

the Weissenberg number Wi, where τ is the the lubricant 

shear stress 

τ
=

i
W

G
     (2) 1<

i
W  

Non-linear /  

Non-Newtonian 

Reduction of the increase in µ with the SRR on reaching the 

lubricant shear stress limit τL, controlled by the limit shear 

stress parameter Li 

τ
τ

=i

L

L      (3) 1, 1> <
i i

W L  

Plateau 

The µ-SRR ratio takes on an asymptotic value because the 

lubricant cutting stress tension has reached τL. Na is the 

Nahme-Griffith number (Habchi, 2013). 

·
= a i

i

i

N W
T

L
  (4) 

2, 100> <
i i

L T

(*) 

Thermal-viscous 

This is generally characterised by a decrease in the friction 

with the SRR mainly associated with the drop in viscosity 

as temperature increases 
 100>

i
T (*) 

pe

ηls(p)

p

ηls(pe)

-a                    0                    a

p0
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However, conditions from Table 1 suggested to determine the Plateau and thermal-viscous 

regime have been deduced from a small number of tests and it has been shown that they are 

no longer valid in other configurations of lubricated EHD contacts (Habchi, 2013). Another 

possible analytical method that helps assess the limits of the region under quasi-isothermal 

conditions consists of calculating the thermal film thickness reduction factor, φt (Cheng, 

1967), (Gupta, 1992). The range of φt extends from 1, representing the absence of heat 

generation in the lubricated contact, to 0 for the case of infinite generation. Depending on the 

influence of the film thickness over the equations that you wish to solve, different ranges of φt 

can be set to consider the contact as quasi-isothermal. This work has adopted the quasi-

isothermal range for the condition 1 ≥ φt ≥ 0.95, adjusted in this case from the temperature 

measurements recorded with a thermocouple located in the test equipment employed. 

Each time that the n and G parameters are recalculated within the procedure established in 

Fig. 1, a validation is carried out on the conditions marked by the Wi, Li and φt parameters and 

the experimental measurements of µ are selected within the quasi-isothermal non-linear range.  

 

NUMERICAL CALCULATION 

As reflected in the procedure outlined in Fig. 1, the first approximation to the n and G 

parameters for the lubricant, n’ and G’ respectively, is performed analytically using 

expressions (5) and (6), already developed in previous articles (Lafont, 2010). For this initial 

calculation, it is simply necessary to provide, as information to the procedure, the behaviour 

of the oil viscosity at low shear ηls according to the Barus model (η0, α), the variation of its 

density with pressure and temperature, as well as two curves µ-um (µ-um-SRR1 and µ-um-

SRR2), obtained experimentally in a lubricated point contact tribometer, in addition to the rest 

of the operating conditions for these tests: load W, bath temperature T0, contact radius R, and 

reduced Young’s modulus E’.  

 Analytical expressions 
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Numerical expressions 
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Once the n’ and G’ values have been obtained, the iterative system represented in Fig. 1 is 

resolved, involving solving the Reynolds equation numerically, influenced in turn by the 

rheological behaviour of the lubricant, and therefore n and G, and its density, in order to 

obtain the pressure distributions, P, and film thickness, H, present in the numerical 

expressions (7) and (8) (Lafont, 2010). In order to solve the discretised EHD problem 
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throughout the domain, a complex FMG (Full-Multi-Grid) algorithm has been applied, 

described extensively in previous works (Chacón, 2012).  

At each iterative step, new values of G are obtained for each velocity um from the two curves 

µ-um-SRRi. The more stable the experimental values of µ and the wider the range of values 

within the isothermal Non-Newtonian regime, in general, greater similarity can be seen 

between all these values of G obtained for each um. Given that G should not depend on um, an 

average value of the above is eventually calculated, which is finally assigned to its 

corresponding values of pe and T0 after getting the procedure to converge.  

 

TEST AND RESULTS 

The point contact tribometer used for µ measurements was, in this case, MTM (Mini-

Traction-Machine) equipment by PCS Instruments, consisting of a lubricated contact between 

a E-52100 steel ball with a radius of 9.525mm and a disc made of the same steel. This 

equipment can control all the operating parameters mentioned in the model approach: SRR, 

um, T0 and W.  

The base tested for its subsequent characterisation was polyalphaolefin PAO-6, whose 

properties, necessary to apply the method, are compiled in (9). The variation in lubricant 

density with pressure has been modelled according to the Feng and Ramesh model (Höglund, 

1999), where ρ0 is the density at ambient pressure and C1, C2, C3, s are specific constants for 

each lubricant. 

           

1

2 31

2

0 2 1

4 ( )( )
1 1 1

2

C p CCp
s

C C

ρ
ρ

−
   −

= + + +   
   

  (9) 

Table 2 - Properties of the polyalphaolefin PAO-6 (Lafont, 2010), (Höglund, 1999) 

PAO-6 

Viscosity at low shearing  

ηo (mPa·s)  

40 ˚C 25 

60 ˚C 12.57 

80 ˚C 7.36 

100 ˚C 4.78 

Viscosity-pressure coefficient   

α (GPa
-1

)  

40 ˚C 11.5 

60 ˚C 10.1 

80 ˚C 

100 ˚C 

9 

8.2 

Density ρ (g/cm
3
) 

Feng and Ramesh model  

s -1 

C1 1 

C2 24.5 

C3 0 

The range of operating conditions (W, To, SRR, um) used in the MTM equipment to carry out 

the tests are compiled in Table 3. As can be seen, two different loads are applied and a wide 

range of temperatures To to check that the behaviour of the n and G parameters was 

appropriate with these two variables that it depends on, as will be analysed in the results 

shown in next figures.  

Table 3 - Test conditions  

W 20N (pe=643MPa) 28N (pe=726MPa) 

To 40 - 100 ºC 

SRR 2 - 200 %  

um 1 - 4 m/s  
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Among all the values of µ obtained experimentally, the procedure suggested in this work only 

uses values that meet the isothermal non linear regime conditions. Fig. 3 represents 

experimental measurements for µ-um-SRR for a 20N load case (pe=643MPa) and a bath 

temperature of T0=40ºC. It has also marked in red all the values whose non linearity 

conditions and quasi-isothermal behaviour of the lubricant meet the criteria set in selection of 

operating conditions section. 

Fig. 3.a) shows that for very low values of um, µ increases its value greatly when um falls. This 

phenomenon is mainly due to the change in lubrication regime, from EHD to mixed 

conditions (λ<2.5). It is also observed that for high values of um there is a slight downward 

tendency for µ with um, when it should be increasing as a consequence of the hydrodynamic 

wedge effect. Observing the experimental bath temperature measurements recorded with a 

thermocouple, this phenomenon is associated with the oil heating in the contact, which affects 

the drop in its viscosity and therefore µ. These values are rejected with the condition imposed 

on the parameter φt: 1 ≥ φt ≥ 0.95. Finally, Fig. 3.b) shows in greater detail that, for very low 

values of SRR, where the lubricant shear rate in the contact is the smallest and the increase of 

µ with the SRR is linear, the Wi>1 condition is no longer met meaning that the lubricant is 

working in its linear behaviour zone. All values of µ that meet these conditions, and that have 

not been represented in red in Fig.3, have been ruled out of the procedure. 

 

Fig. 3 - (a) Experimental curve µ-um-SRR, W=20N, T0=40ºC. (b) Detail for values of SRR 2-25%. The red dots 

represent conditions where the conditions are met for contact in quasi-isothermal non-linear regime  

Fig. 4 represents, as an example, two pairs of µ-um-SRR experimental curves along with the 

values selected from this curve that meet the quasi-isothermal non linear regime conditions, 

marked with black circunferences. By entering these latter values into the procedure 

described, along with the test conditions, including T0 and pe (through W), we obtain the 

values for the parameters n(pe,T0) and G(pe,T0). In order to validate the characterisation, these 

values are entered as obtained in the Carreau rheological model (), and the EHD problem is 

solved, obtaining theoretical values for µ shown with blue lines on the diagram. In all 

operating conditions, a great correlation is seen between the theoretical and the experimental 

curves.    

Applying the methodology to all the test conditions suggested in Table  gives the theoretical 

behaviour curves n(p,T) and G(p,T) represented in Fig. 5. Comparing the results obtained with 

the values and expressions suggested by other authors (Camposa, 2006) (Bair, 2001), it can be 

seen that the behaviour of the n and G parameters against the temperature and pressure are 

very similar. In future work, a more complete experimental validation should be performed. 

(a)              (b) 
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Fig. 4 - Correlation between the theoretical and the experimental values of friction, using n and G parameters 

calculated for a PAO-6 base 

 

 

 

Fig. 5 - Values of n and G calculated for a PAO-6 base 
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CONCLUSIONS 

This article has looked at developing a methodology that helps to calculate the n and G 

parameters for Carreau's non-Newtonian model, as an alternative to measuring it directly in a 

viscometer, improving the results obtained with a more simplified procedure developed in a 

prior paper (Lafont, 2010). The research did not cover the study of the possible influence of 

the tribometer measuring error on the results attained with the methodology developed, and 

new tests should be carried out using a larger number of load conditions and different types of 

monodisperse lubricant bases. 
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ABSTRACT 

Looped Carbon Fiber Brush (LCFB) has been developed as low stick-slip material for 

stabilizing friction of bearing. Generally, when the ratio between static and kinetic friction 

(µs/µk) is low, stick-slip phenomenon is suppressed. It was reported that the value of µs/µk was 

almost 1.0 whereas the value of Al pin was almost 2.0. This report reveals frictional 

properties of Looped Fiber Brush (LFB) made from other fiber material because different 

environment requires other material to be used. Carbon nylon and spring steel are used as 

fiber material in this report. LFB made from carbon nylon shows low kinetic friction, 

µ=0.033, whereas µs/µk was 2.6. On the other hand, spring steel fiber shows low µs/µk, which 

is 1.1. 

Keywords: Looped Fiber Brush (LFB), friction reduction, stick-slip, Looped Carbon Fiber 

Brush (LCFB). 

 

INTRODUCTION 

Many engineers have tried to restrain stick-slip phenomenon which prevent smooth sliding 

because the phenomenon causes noise and prevents precision machining. New sliding 

material, Carbon Fiber Brush (CFB), has been developed as low stick-slip material. It was 

reported that the ratio between static and kinetic friction coefficient (µs/µk) was almost 1.0 

whereas the value of Al pin was almost 2.0 (Otsuka, 2012). Isogai introduced new concept 

that fiber brush should be looped shape which allow fiber to contact with its side part. His 

report showed that Looped Carbon Fiber Brush (LCFB) also had low µs/µk and low wear ratio 

compared to CFB (Isogai, 2013). LCFB is considered to be used under sliding bearing 

components because of its unique properties. However, the unique properties of Looped Fiber 

Brush (LFB) is only investigated with carbon fiber. 

Each operating environment requires engineers to design components with proper materials. 

Therefore, it is demanded that whether other fiber material shows the unique properties as 

carbon fiber has. Tribological properties of LFB made from carbon nylon or spring steel are 

revealed in this research. 

 

RESULTS AND CONCLUSIONS 

The results from friction tests with three types of LFB, carbon nylon fiber which loop radius 

R is 5 mm, carbon nylon fiber with radius R=8 mm and spring steel fiber with radius R=5 mm, 

are shown in Fig. 1. Figure 2 (a, b) shows static friction coefficient, average of kinetic friction 
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coefficient and µs/µk of each LCB. LFB made from carbon nylon shows low kinetic friction, 

µ=0.033, whereas µs/µk is 2.6. On the other hand, spring steel fiber shows low µs/µk, which 

has a value of 1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 - Friction coefficient of several looped fiber brush. The top right figure shows schematic of LFB. 

 

 

Fig. 2 - Static and kinetic friction coefficient of several looped fiber brush.  CN and SS stand for Carbon Nylon 

and Spring Steel, respectively. (a) Static and kinetic friction coefficient, (b) µs/µk of several looped fiber brush. 

This study shows that material selection and design of loop can control frictional properties 

even all LFB is made of looped fiber. The results indicate that LFB has possibility to be used 

under many operating conditions. Further tests and analysis should be performed in order to 

clarify the effect of loop design and material properties, hardness and Young’s modulus, on 

frictional properties of LCB to achieve optimum controlling. 
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ABSTRACT 

Wear reduction of components is important to prolong life time. Generally, ratio of hardness 

H to Young’s modulus E relates wear volume under sliding condition. 3D printer is able to 

make components containing inner structures which can control H/E. In this research, wear 

volume of pin specimens with or without inner structure are compared. Three varieties of 

inner structure which have different radius, d=0.23, 0.46 and 0.92 mm, were prepared. The 

value of specific wear rate with inner structure decreases to less than 3.0×10
-7

 mm
3
/Nm 

whereas the rate without inner structure is 39×10
-7

 mm
3
/Nm. On the other hand, the wear 

rate does not change as the radius of inner structure changes. 

Keywords: 3D printer, inner structure, wear reduction. 

 

INTRODUCTION 

Wear reduction of components is important to prolong life time of products. Generally, ratio 

of hardness H to Young’s modulus E relates wear volume under sliding condition. Hard 

material, whose hardness H is large, can be considered as tough and difficult to wear. Material 

whose Young’s modulus E is small, can change its shape easily and release stress 

concentration at contact points. Thus, material which has large H/E value is optimum one in 

tribological aspect. 3D printer is able to make components containing inner structure. Material 

containing inner structure can deform easily and apparent Young’s modulus E’ change to 

small. Thus, inner structure can increase H/E’ value. It was reported that inner structure can 

release stress concentration which can reduce wear of components (Konishi et al., 2016). His 

research also showed that apparent Young’s modulus decreased as width of inner structure 

increased. The results indicate that inner structure increases the ratio of hardness to apparent 

Young’s modulus H/E’ and may reduce wear. Whereas the possibility of wear reduction has 

been shown, it is still needed to clarify whether inner structure has the substantial effect on 

wear. This research focuses on wear volume of 3D printed material in experimental friction 

test. 

 

EXPERIMENTAL METHOD AND SPECIMENS 

Figure 1 (a) and (b) show drawings of pin specimens made by 3D printer using acrylic resin. 

Figure 1 (a) has no inner structure. Three types of inner structure, whose radius d were 0.23, 

0.46 and 0.92 mm, were prepared as shown in Fig. 1 (b). Radius of spherical specimens and 

thickness from top most surface to inner structure were 4 and 0.6, respectively. 
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Friction tests were conducted with pin-on-disk friction tester described in Fig. 2. The disk was 

rotated by a motor locating below the shaft the disk was connected. Normal load was applied 

by dead weight which value was 0.5 N. Friction radius and rotation speed were 5 mm and 200 

rpm, respectively. Friction tests were conducted for 30 minutes. Material of disk specimen 

was SUJ2. 

 

Fig. 1 - Schematics of 3D printed specimens. (a) No structure specimen, (b) Structured specimen. 

Three types of inner structure, whose radius d=0.23, 0.46 and 0.92 mm, are prepared. 

 

 

 

Fig. 2 - Schematic of pin-on-disk friction tester. 
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RESULTS AND DISCUSSION 

The results from friction tests are shown in Fig. 3. Whereas the friction coefficient of no 

structure specimen increases rapidly at 10 m of sliding distance, specimens with inner 

structure do not show such kind of increase. Average friction coefficient with no inner 

structure during last 50 m is µ=1.03. On the other hand, friction coefficient of material with 

inner structure, d=0.23, 0.46 and 0.92, is 0.64, 0.52 and 0.8, respectively. From this results, 

the availability of inner structure decreasing friction coefficient can be clarified. It is known 

that surface temperature affects friction of polymer material (Grosch, 1963). Small contact 

area under sliding increase surface temperature compared to large contact surface condition 

(Lim et al., 1987). Material containing inner structure has small apparent Young’s modulus, 

and thus contact area increases. The mechanism can be considered that decreases surface 

temperature and friction coefficient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 - Friction coefficient of 3D printed specimens 

From the view point of specific wear rate shown in Fig. 4, inner structure decreases the wear 

to less than 3.0×10
-7

 mm
3
/Nm regardless radius of the structure whereas the rate without 

inner structure is 39×10
-7

 mm
3
/Nm. As the results, the inner structure decreases specific 

wear rate by approximately 90%. On the other hand, the wear rate does not change as the 

radius of inner structure changes. The high wear with no structure can occur in initial term of 

friction test. Friction coefficient with no structure increases rapidly first 10 m. The high 

friction can indicate severe contact condition between polymer pin and metal disk. In initial 

condition of the friction tests, tip of pin specimens does not wear off. Thus, contact condition 

could be considered as point contact. Point contact generates stress concentration at quite 

small area and increase surface temperature. The stress and temperature can wear the pin 

specimens severely and increase friction coefficient. On the other hand, pin specimens with 

inner structure could deform when normal load is applied, and thus release stress 
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concentration. This can be the mechanism that material with inner structure prevents high 

wear. In the friction test condition, the structure with the smallest inner structure could have 

enough small apparent Young’s modulus to reduce wear. This can be the reason why inner 

structure does not show significant difference on specific wear rate. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 - Specific wear rate of 3D printed specimens 

 

CONCLUSIONS 

We conducted friction tests of 3D printed material with or without inner structure to clarify its 

frictional properties, especially wear property. Obtained results are following; 

1. Friction coefficient of 3D printed material with inner structure decreases to 0.5-0.8 form 

the value with no inner structure, µ=1.03. 

2. Specific wear rate of 3D printed material with inner structure decreases to less than 

3.0×10
-7

 mm
3
/Nm from the value with no inner structure, Ws=39×10

-7
 mm

3
/Nm. The 

decrease is approximately by 90%. 

3. There is no significant difference of specific wear rate of 3D printed material with inner 

structure regardless its structural radius. 
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ABSTRACT 

A new prototype wear testing machine is developed, and its performance is evaluated. The article 

presents the existing design solutions of several tribological testers. The authors point out flaws in 

the current methods of implementation of the friction association  using selected examples. The 

paper introduces a new tribological tester providing constant friction association. The proposed 

solution involves the use of a friction strip as countersample, while simultaneously ensuring a 

constant linear velocity of the tape. Design of the new tester is presented as well. The paper also 

discusses the basic systems of the designed equipment: a propulsion system, a measuring system, 

and a measuring head. The results achieved are compared to results generated using a typical 

tester. 

Keywords: tribological wear, wear resistance, dry friction. 

 

INTRODUCTION 

Analysis of existing design solutions in tribological testers implies a friction association changes 

at the time of testing (Zurowski, 2012, 2013). It is reasonable to design a system capable of 

assuring as constant friction conditions as possible throughout testing. A pin-on-friction strip 

system instead of pin-on-disk is used, therefore (Zurowski, Zepchlo, 2016). 

Pilot testing of the completed tester was undertaken to assess its utility by comparing results for 

the new tester with the test results of P. Sadowski (Sadowski, 2008), who explored energetic 

aspects of formation of a tribological wear particle. A series of tests was conducted using the 

tester T01M (pin-on-disk) produced by ITE-PIB of Radom in Poland for the purposes of this 

research (ITE-PIB). 

 

RESULTS AND CONCLUSIONS 

The pilot testing applied parameters close to those used in the T01M tester. The friction velocity 

was identical for both the devices, that is, 0.4 m/s. 

Table 1 - Test parameters 

Test parameter T01M TT4 

Countersample 
34C4880J9 friction disk  (silicon carbide, 

grain 80, hardness - J, structure 9)  

PS19F friction disk  (silicon carbide, 

grain 80) 

Loading From 0.125 kG to 1kG From 0.157 kG to 0.78kG 

Sample types Fe, Al, Cu Fe, Al, Cu 

 Fe - vacuum refined Armco iron. 
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A substantial difference of amplitudes of the recorded friction resistances was noted. The TT4 

tester exhibits a far narrower amplitude of the recorded values. This is clear for all the recorded 

samples of each material tested. What is also interesting about the new tester, the friction forces 

measured are greater than in the case of the T01M tester. 

Examples of results for ARMCO iron samples are presented below. 

 

Fig. 1 - Selected testing for ARMCO sample 

Friction coefficients were found to differ in the direction of their changes as the loads varied. 

For the T01M tester, the coefficients rose as the loading increased, the results for the TT4 

indicated the friction coefficient diminished. 

Impact of load values on specific work of wear is another interesting fact. The work varied as 

loading of T01M changed, whereas it remained virtually steady in the TT4 tester. The 

differences clearly point to a substantial effect of wear products on a friction association.  

The pilot testing has confirmed utility of the new tribological tester. The TT4 has been found to 

provide for a greater stability of results.  

Compared to the existing solutions, the device eliminates impact of wear products on the process 

of frictional wear by assuring a stable and unchanging friction association, combined with the 

possibility of ongoing measurements of friction resistances. 
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ABSTRACT 

Conventional factors influence analysis, in a machining process, is usually done studying the 
effect of each one separately. In this context, arises the Normal Boundary Intersection (NBI), 
which is a statistical technique that allows the simultaneous analysis of several influence 
factors in a process. This statistical approach consists of planning experiments, which are able 
to generate appropriate data for effective analysis, resulting in valid and objective 
conclusions. This paper specifically addresses the modeling of the surface roughness 
parameters (Ra) and the tool life (T) in the AISI H13 (54 HRC) hardened steel turning 
process, by using a ceramic tool coated with titanium nitride. The models were obtained by 
the Design of Experiments methodology, using the following parameters: cutting speed, feed 
rate and depth of cut, as the influence variables. Thus, a brief analysis of the process quality 
and productivity were done by NBI method. 

Keywords: hard turning, cutting tools, Normal Boundary Intersection (NBI). 

 

INTRODUCTION 

The increase demand of machining precision, accuracy and precision and the large variety of 
workpieces material available interfere on the competitiveness of the machining industry. An 
improvement can only be achieved if were a set of references for designing a machining 
process for a range of products [1, 2]. Thus, hard turning can be seen like a developing 
technology that offers many potential benefits compared to grinding, which remains the 
standard finishing process for critical hardened steel surfaces [1]. Machining processes, such 
as hard turning, have multiple responses with conflicting objectives. This fact characterizes 
hard turning like a multiobjective optimization problem (MOP) [4]. The purpose is to find a 
combination of the responses that satisfies, at the same time, the objective functions and the 
constraints and provides an acceptable value for each response [5]. MOP´s can be solved by 
applying techniques like the Normal Boundary Intersection (NBI) method. The NBI method 
is an optimization routine developed to find a uniformly spread Pareto-optimal solutions for 
linear and nonlinear MOP´s [4, 5]. 
 

TEORETHICAL FUNDAMENTALS 

The Normal Boundary Intersection method was developed by Das and Dennis (1998) for 
finding a uniformly spread Pareto-optimal solutions for a general nonlinear multi-objective 
optimization problem.  
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The establishment of payoff matrix Φ  is the first step in the NBI method given by the 
calculation of the minimum ( )**

ii xf  and maximum ( )*
ii xf  values of the i-th objective 

function ( )xf i . The payoff matrix Φ  can be written as: 

 

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )
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The objective functions can be normalized by using    ( )**
ii xf  and ( )*

ii xf    values, mostly 

when different scales or units are used to define them. A vector with the set of individual 

minimum can be written such as ( ) ( ) ( )[ ]Tmmii

U
xfxfxff

*****
1

*
1 ,, KK= , to obtain the 

Utopia point ( )**
ii xf . This specific point is generally outside of the feasible region that 

corresponds to all objectives simultaneously being at their best possible values. The Nadir 
point ( )*

ii xf , likewise, is obtained by joining the maximum values of each objective function 

[ ]TN

m

N

i

NN
ffff ,,1 KK= . It is the design space where all objectives are 

simultaneously at their worst values. When the i-th objective is minimized independently the 
two anchor points are obtained, and the Utopia line is the one that connects them. 

The normalization of the objective functions can be obtained using these two sets, as in: 
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This normalization leads to scalarization of the payoff matrix Φ  and the vector ( )xF . 

Associated to vector of weights β and an unitary normal vector n̂ , the classical NBI 
formulation can be described as: 
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This optimization problem must be solved for different values of w, which will lead to the 
construction of the Pareto frontier.   
 
EXPERIMENTAL PROCEDURE 

The workpiece material was ABNT steel H13 with a hardness of approximately 54 HRC. The 
chemical composition of this steel includes the following: C (0.370-0.420%); Mn (0.200-
0.500%); Si (0.080-0.120%); Cr (0.050-0.055%); V (0.080-0.012%) and Mo (0.012-0.017%). 
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The turning experiments were conducted on a turning center MHP Kingsbury, with 18 kW 
power and maximum rotation of 4500 rpm, and the tool used was a CC6050 Wiper.  

A sequential set of 19 experimental runs was established using a central composite design 
(CCD) with three input parameters: cutting speed (vc), feed rate (f) and depth of cut (ap). 
Table 1 shows the experimental planning levels. The design of experiments is show in Table 
2. 

Table 1 - Cutting parameters and respective levels. 

Cutting parameters 
Levels (Uncoded and Coded) 

-2 -1 0 1 2 

Cutting speed (vc, m/min) 57.39 100 162.5 225 267.61 

Feed rate (f, mm/rev) 0.06 0.10 0.16 0.22 0.26 

Axial depth of cut (ap, mm) 0.09 0.15 0.24 0.33 0.39 

 
Table 2 - Experimental design. 

N
o
 Exp. vc f ap T Ra 

1 100.00 0.10 0.15 62.0 0.13 

2 225.00 0.10 0.15 33.0 0.11 

3 100.00 0.22 0.15 52.0 0.41 

4 225.00 0.22 0.15 30.5 0.72 

5 100.00 0.10 0.33 63.0 0.34 

6 225.00 0.10 0.33 30.0 0.09 

7 100.00 0.22 0.33 52.0 0.08 

8 225.00 0.22 0.33 28.5 0.42 

9 57.39 0.16 0.24 59.0 0.22 

10 267.61 0.16 0.24 24.5 0.29 

11 162.50 0.06 0.24 39.0 0.13 

12 162.50 0.26 0.24 40.3 0.49 

13 162.50 0.16 0.09 51.0 0.22 

14 162.50 0.16 0.39 47.5 0.12 

15 162.50 0.16 0.24 43.5 0.47 

16 162.50 0.16 0.24 43.0 0.49 

17 162.50 0.16 0.24 44.5 0.49 

18 162.50 0.16 0.24 44.0 0.48 

19 162.50 0.16 0.24 45.0 0.47 

 

 

RESULTS 

Modeling of the dry end milling process 

To analyze the influence of the turning input parameters on the measured responses, the 
second-order polynomial models were developed using RSM, the responses coefficients are 
presented in Table 3.  
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Table 3 - Quadratic models for responses and ANOVA. 

Coeficient  T Ra 

Constant 43.986 0.478 
vc -12.083 0.036 
F -1.677 0.115 
ap -0.724 -0.045 
vc

2 -0.718 -0.067 
f2 -1.470 -0.048 
ap

2 1.933 -0.098 
vc.f 2.125 0.115 
vc.ap -0.750 -0.025 
f.ap 0.000 -0.103 

Adj.R
2 
(%) 93.170 92.240 

Regression p-value 0.000 0.000 
Normality (AD) test 0.225 0.748 
Normality (AD) p-value 0.687 0.042 

Table 3 also shows the ANOVA results for the responses. Both have p-values less than 5% of 
significance and an adjustment with adj. R2 higher than 90% and no lack of fit. These results 
indicate that all expressions are adequate for full quadratic models. 

The objective functions relating the input parameters with the responses, can be written as: 

   000.0750.0130.2933.1        

             470.1718.0724,0677.1083.12990.43
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Figure 1 shows the response surface graphics for analyzed characteristics. 

  
Fig. 1 - Response surfaces for T and Ra. 

Optimization by NBI 

The Payoff matrix Φ  were established by Utopia and Nadir points for both responses, given 
by individual constraint maximization (for T) and individual constraint minimization (for Ra), 
and for this case it can be written as: 









=Φ

753.63148.36

276.0013.0
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Table 4 presents the optimization results from NBI method. 

Table 4 - Optimization results. 

w vc f ap T Ra 

0.00 62.897 0.130 0.254 63.753 0.276 

0.05 61.106 0.137 0.224 63.502 0.252 

0.10 70.736 0.126 0.188 62.901 0.232 

0.15 75.730 0.131 0.168 62.329 0.211 

0.20 84.524 0.127 0.152 61.558 0.192 

0.25 93.060 0.122 0.142 60.676 0.174 

0.30 101.167 0.118 0.135 59.694 0.157 

0.35 108.886 0.114 0.131 58.620 0.141 

0.40 116.261 0.109 0.128 57.461 0.126 

0.45 123.399 0.106 0.126 56.220 0.112 

0.50 130.350 0.102 0.125 54.898 0.098 

0.55 137.160 0.099 0.125 53.497 0.085 

0.60 143.887 0.096 0.126 52.014 0.073 

0.65 150.571 0.092 0.128 50.447 0.061 

0.70 157.281 0.090 0.131 48.790 0.051 

0.75 164.005 0.087 0.135 47.036 0.041 

0.80 170.857 0.085 0.139 45.175 0.033 

0.85 177.861 0.082 0.144 43.190 0.025 

0.90 185.176 0.081 0.151 41.057 0.019 

0.95 192.894 0.079 0.159 38.734 0.015 

1.00 201.347 0.078 0.169 36.148 0.014 
Note: The values in bold represent the optimal values obtained by global optimization. 

The Pareto Frontier with 21 optimal responses are shown in Fig. 2. The optimal solution was 
calculated by Entropy/EPG criterion [7]. 

 
Fig. 2 - Pareto Frontier obtained for NBI method. 

 
This result show that NBI method can find a combination of solutions for the problem. In this 
case, the best solution was when the entry parameters have the following values: cutting 
speed is 130 m/min, feed rate 0.102 mm/rev and depth of cut 0.125 mm, it leaves to a tool life 
54.90 min and a Ra equal to 0.10 µm. 
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CONCLUSIONS 

This work applies the NBI method to a turning process of H13 steel and is possible to reach 
some conclusions:   

The numerical results indicate that the solution found by NBI method was characterized as 
appropriate optimal point.  

Tool life is maximum and Ra is minimum, at vc =130 m/min, f = 0.102 mm/rev and ap = 0.125 
mm. 

This optimization shall provide a great assistance to engineers to identify a set of optimal 
solutions that matches the needs of the organization.   
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ABSTRACT 

This paper discusses the process of uncertainty quantification in the simple case of adhesively 
bonded glass fibre weave reinforced thermoplastic honeycomb sandwich beams. A set of 
nominally identical bonded samples is constructed and subjected to extensive static and 
dynamic testing, coupled with dedicated numerical FE modelling. Random field stochastic 
modelling is applied to estimate the spatial probability density of the adhesive joint stiffness 
and damping properties.  
 

Keywords: honeycomb structures, resonant behaviour, adhesive bonding, random field 
modelling. 

 

INTRODUCTION 

Honeycomb sandwich structures offer excellent characteristics of specific strength and 
stiffness, especially desired for vehicle applications. If the skin faces of a thermoplastic 
honeycomb structure are glass fibre (weave) reinforced, these mechanical properties are 
combined with good overall recyclability properties. However, in each application these 
honeycomb (panel) structures have to be joined together. Typically this is done by mechanical 
fasteners (necessitating inserts), adhesive bonding or hybrid joining. Each joint type has its 
specific strength and stiffness characteristics which reflect on the structural performance of 
the overall structure. Moreover and particularly in the case of joining honeycomb structures 
these joints induce an amount of uncertainty on the (dynamic) stiffness and resonant vibration 
characteristics of the overall structure. This paper analyses the variability effects of the 
adhesive joint between honeycomb sandwich beams on the overall static and dynamic 
stiffness variability of these joined structures. 

 

RESULTS AND CONCLUSIONS 

The first part of the paper analyses a set of 24 nominally identical honeycomb beam samples 
before joining. Static and dynamic tests (4 point bending, resonant testing) are performed and 
statistically processed. This data is used to construct a mean FE model of the beams which 
enables a correlation analysis of the observed experimental variability with the variability of 
the underlying stiffness parameters of the honeycomb structure. In order to obtain a robust FE 
model the thermoplastic honeycomb core is homogenized. This simple, yet adequate, shell-
volume-shell modelling approach enables a reliable estimation of the stiffness characteristics 
of skin faces and sandwich core. The observed variability on the static stiffness and dynamic 
characteristics (modal stiffness, damping, mode shapes) of the different beam samples is 



Symposium-8: Optimization and Uncertainty Quantification 
 
 

-1396- 

related with the variability on the in-plane stiffness of the skin faces and the out-of-plane 
shear stiffness of the honeycomb core. A stochastic random field modelling technique is used 
to estimate the probability density of these elastic parameters. Moreover, this allows to 
distinguish between the spatial variability within the sample geometry and the inter sample 
variability. Figure 1 shows the free-free measurement set-up used for the experimental modal 
analysis.  

 
Fig. 1 - Set-up for experimental modal analysis 

A second part of this work describes the process of bonding the honeycomb beams with 
simple overlap joints using thermoplastic hotmelt adhesive. The resulting set of 12 bonded 
structures is subjected to static and dynamic testing, similar to the tests on the individual beam 
samples. Test results are used to construct a mean FE numerical model which is used to 
estimate the (dynamic) stiffness and damping characteristics of the adhesive joint. A thorough 
uncertainty quantification analysis relates the observed scatter on the structural characteristics 
of the joints with the underlying parameters of geometry and adhesive material.  

The third part of the work discusses the sensitivity of the dynamic stiffness and damping 
properties of the adhesively joined honeycomb beams to the various underlying geometrical 
and material governing parameters of both honeycomb structures and adhesive joint.  
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ABSTRACT 

The objective of this work is to determine an optimum setup for the turning process of AISI 
12L14 steel, capable of eliminating the effects of tool wear on the roughness of the machined 
part. For this, it is proposed the use of robust optimization by the Mean Square Error (MSE), 
of the mean (µ) e variance (σ2), the average arithmetic roughness (Ra) measured in a set of 
experiments performed for the turning process of AISI 12L14 steel. An experimental study 
was carried out to model the responses of interest (relative to the average roughness of the 
machined surfaces) where an experimental arrangement was created for three process 
variables (cutting speed, feed rate and depth of cut) and for a noise variable (use of new and 
worn tool). This experimental arrangement, of the combined arrangement type, was created 
with the use of the response surface methodology (MSR). 

Keywords: robust optimization, turning process, surface roughness. 

 

INTRODUCTION 

Inside the machining processes, turning has been characterized as a very important operation 
for a modern industry (DINIZ et al., 2010). In this process, input parameters are directly 
responsible for many of the process quality and productivity characteristics, such as tool wear, 
workpiece finish, and amount of material removed. (SINGH e RAO, 2007; CAMPOS et al., 
2012). 

The machining of the machined parts can be evaluated according to the surface roughness, 
which are irregularities presented on the surface of the parts, characterized by grooves made 
by the tool during the machining process. There are several parameters to evaluate the surface 
roughness, the present study makes use of only one parameter of roughness evaluation, the 
average arithmetic roughness (Ra), which is the arithmetic mean of the absolute values of the 
ordinates of the effective (measured) profile in relation to the midline in a sample length 
(CAMPOS, 2011). 

This work focuses on the surface roughness of turned parts and how this feature is affected by 
the wear of the cutting tool. There are several types of wear that can occur in a tool (notch 
wear, edge wear, crater wear, etc.) and the combination of these wear and cutting parameters 
used in the process can be critical to the machined work surface finish (DINIZ et al., 2010). 

The object of study of this work is the turning process of AISI 12L14 steel. An experimental 
study was carried out to model the responses of interest (relative to the average roughness of 
the machined surfaces) where an experimental arrangement was created for three process 
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variables (cutting speed, feed rate and depth of cut) and for a noise variable (use of new and 
worn tool). This experimental arrangement, of the combined arrangement type, was created 
with the use of the response surface methodology (MSR). 

The objective of this work is to determine an optimum setup for the turning process of AISI 
12L14 steel, capable of eliminating the effects of tool wear on the roughness of the machined 
part. For this, it is proposed the use of robust optimization by the Mean Square Error (MSE), 
of the mean (µ) e variance (σ2), the average arithmetic roughness (Ra) measured in a set of 
experiments performed for the turning process of AISI 12L14 steel. 

Robust Parameter Design (RPD) Is characterized by a collection of techniques to identify the 
degree of factors that reduces the sensitivity of the process to the noise (uncontrollable 
factors), providing a process analysis and improvement in order to find the levels of its 
variables, ensuring that they reach the desired mean of the responses, in addition to 
minimizing their variation, making the process more stable and insensitive to noise 
(ARDAKANI e NOOROSSANA, 2008; MONTGOMERY, 2009; YANG et al., 2013; 
ELSAYED e LACOR, 2014). O RPD Is a method used to reduce the time of experimentation, 
besides increasing the set of information that can be obtained before the data (JURKÓW e 
STIERNSTEDT, 2014). 

In relation to the analysis and modeling of the data for the robust optimization, used Response 
Surface Methodology (MSR) and considering the mean and variance equations, one can then 
use multi-objective optimization techniques, where in this article was chosen the Mean 
Square Error (MSE). The formulation of this optimization is presented in Equation (1) 
(BRITO et al., 2014). 

���������		
��� = ���� − ���� + ����	
�������	�:	� � ≤∝� 

(1) 

Where � is the model for the mean, T the target for mean and �� the model for the variance. 
All related to the answer y. It has also been� � ≤∝� As the spherical constraint for the 
sample space of the experimental arrangement. 

The algorithm OLS was applied to the mean and variance data of Ra, to obtain the quadratic 
models of these functions. The models presented high values of R2 indicating that the models 
adopted are adequate. These models are presented in Table 1. We opted for the use of the 
complete quadratic models. 

Table 1 - Experimental matrix (combined arrangement) and values obtained for the answer 

Terms 
µ(Ra) σ2

(Ra) 

Coefficients p-value Coefficients p-value 
Constant 2,174 0,000 0,417 0,000 

Vc 0,035 0,300 0,017 0,459 
f 0,118 0,005 -0,059 0,270 

ap 0,041 0,228 -0,099 0,002 
Vc

2
 -0,199 0,000 -0,137 0,000 

f
2
 -0,123 0,004 -0,108 0,001 

ap
2
 -1,232 0,004 -0,060 0,025 

Vc*f 0,023 0,591 -0,023 0,450 
Vc*ap -0,078 0,092 -0,034 0,281 
f*ap 0,170 0,003 0,085 0,017 

R
2
Adj (%) 82,30 82,25 
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According to the quadratic model described in Table 1, the equation of the mean ( )µ  and the 

variance ( )2σ  for Ra can be described as in Equations. (2) e (3). The graphs of these response 
surfaces are shown in Figure 1, where the value of ap was maintained as 0,45. 

( )
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faaVfVa

fVafVR

170,0078,0023,0232,1
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108,0137,0099,0059,0017,0417,0

2

222

+−−−

−−−−+=σ
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Fig. 1 - Response surface graphs for mean and variance of Ra. 

 

Different optimizations were made for each of the points determined by the arrangement 
Simplex-Lattice. The lowest value of MSE was obtained for the combination of weights w1 = 

0,03 e w2 = 0,97.  The balance determined by these weights corresponds to the values of Vc = 
240,3 m/min; f = 0,124 mm/rot. and ap = 0,619 mm providing an average roughness of 1,4965 
µm with variance of 0,001 (MSE = 0,0011). 

For the test of confirmation of the results, with the setup found in the optimization, 5 
experiments were performed with each tool (new and worn). 

The confirmatory experiments proved that, when using the optimum setup determined 
through the methodology proposed in this work, the noise variable is not significant for the 
process, since the roughness averages using the new tool is statistically equal to the average 
using the worn tool. 

Finally, it is important to highlight the importance of process knowledge and the 
establishment of decision variable values so that the desired result is optimized. Many 
companies use non-optimal parameters (decision variables) for their processes, resulting in 
considerable financial waste. In addition, the tool catalogs and machine manuals themselves 
often indicate non-optimal parameters in order to stimulate tool consumption. In this context, 
optimizing processes is a decisive action to guarantee competitiveness and market leadership. 
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ABSTRACT 

A structural reliability-based robust design optimization (RBRDO) approach that 
simultaneously considers minimum weight/cost, minimum strain energy and minimum 
sensitivity to uncertainty propagation related to robustness is presented. The trade-off between 
the performance target, depending on given stress, displacement, buckling and reliability 
constraints imposed on composite structures, against robustness, is searched. The design 
variables are ply angles and ply thicknesses of shell laminates, the cross section dimensions of 
stiffeners and the variables related to material distribution on structure. A RBRDO approach 
supported by multi-objective memetic algorithm is proposed 

Keywords: multi-objective optimization, composites, robustness, reliability, memetic 
algorithm. 

 

INTRODUCTION 

The need for the incorporation of reliability and uncertainty into the design process of 
aerospace and aircraft systems has been recognized by the commercial and industry sectors. 
RBRDO aims to find the best compromise between performance and robustness by taking 
uncertainties into account (Youn and Xi, 2009; António and Hoffbauer, 2009; Yadav et al., 
2010). Moreover, it can be used to ensure the robustness of system designs by minimizing 
design cost and its uncertainty factors while meeting system reliability requirements. 
Furthermore, robust design optimization applied to composite structures under probabilistic 
constraints (reliability) is a very important field due to uncertainties on failure process 
associated with physical or geometric properties of fibre-reinforced composites. In theoretical 
developments of RBRDO both the robustness of design objectives and the robustness of 
design constraints are usually studied, conceptually denoted by performance robustness and 
feasibility robustness. Furthermore, robust design optimization applied to composite 
structures under uncertainty constraints (reliability) is a very important field due to 
uncertainties on failure process associated with physical or geometric properties of fibre-
reinforced composites. 

Composite materials allow for minimum weight design by tailoring the material composition 
to the loading conditions and are, therefore, frequently used in aircraft structures. However, it 
is crucial to account for uncertainties in material and geometric parameters and loading 
conditions since composite structures typically fail abruptly. Today, only few optimization 
methodologies have been presented for the design of aircraft systems under uncertainties. A 
general framework for the stochastic multi-disciplinary aircraft design has been presented in 
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literature accounting for various sources of uncertainties, such modelling and economic 
variability, and aiming for system affordability.  

 

PROPOSED APPROACH  

The structural analysis of hybrid composites was implemented using the same formulation 
defined previously with the Marguerre shell element and a Timoshenko beam element 
(Conceição António, 2006). The structural system with non linear behaviour is in equilibrium 
if the internal forces are equal to the external applied loads. Since in the numerical process of 
solution it is not possible to reach an exact equilibrium situation the goal is to obtain a close 
state near equilibrium and within a small error. A measure of the error at this equilibrium state 
based on the Total Lagrangian formulation is the vector of non-balanced forces ),( λdΨΨΨΨ  
defined as 

FdRd λλ tttt , −= )()(ΨΨΨΨ                                                 (1) 

where R is the vector of equivalent nodal forces associated with the actual stress field on the 

structure,  is the equivalent nodal forces due to the external applied forces,  is a scale 
factor related to the load level t and dt  is the corresponding displacement vector. The 
equilibrium path is traced using the arc-length method enabling the identification of the load 
factors bλ  associated with buckling and FPFλ  related to first ply failure (Conceição António, 

2006). The first ply failure is checked using the Huber-Mises law. The same procedure 
enables to obtain the corresponding critical displacements. 

An unified approach (Conceição António, 2006) for buckling and first ply failure is used to 
check the integrity of hybrid composite structures through the concept of critical load factor 

critλ  defined as 

[ ])()()( ππππππππππππ ,,,MIN, FPFbcrit xxx λλλ =                                    (2) 

Considering the equilibrium path, the critical displacement critd  can be associated with 

buckling bd , or related to first ply failure FPFd ,  

[ ])()()( ππππππππππππ ,d,,dMAX,d FPFbcrit xxx =                                   (3) 

The design variables x and ππππ are associated with the sizing and material distribution, 
respectively. The constraints are imposed on the critical load factor critλ , and on the critical 

displacement critd , both of which are associated with buckling and first ply failure.  

Thus, the multiobjective optimization of plates and shells of hybrid composite structures 
reinforced with beams under static loading can be formulated as follows: 

Minimise  ( ) ( ))()( πxπxx ,,,W,OBJ kΓ=ππππ     ,      k=1 or 2                       (4) 

subject to 
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with aλ  and ad  the allowable values for critical load factor and critical displacement, and 
the size constraints: 

x
u
jj

l
jx N,...j,xx 1=≤≤                                             (7) 

satisfying the equilibrium equation set: 

0)()( =−= FxdRxd λλ tttt ,,,,, ππππππππΨΨΨΨ                             (8) 

and the additional arc-length method equation: 

0)( =Φ ππππ,,,tt xd λ                                                        (9) 

In equilibrium Equation (8), )( ππππ,,t xdR  denotes the internal forces in the structural system 
reflecting the dependence relatively to design variables. Since the nonlinear geometric 
behaviour is considered, the equilibrium is reached through an iterative and incremental 
loading process based on the arc-length method in (8) for a load level t. In the objective 
function given by (4) the term )( ππππ,W x  is the weight of the structure used in the laminates, 
and it is defined as 

∑ ∑
= =

=
NLam

j

jnp

i

ijij V,W

1

)(

1

)()()( xx ππππππππ ρ                                        (10) 

where )(ππππijρ  is the specific weight of the composite system, )(xijV  is the volume of the i-th 

ply of the  j-th laminate, NLam is the number of laminates of the hybrid composite structure 
and )( jnp  is the number of plies of the j-th laminate. The term ( )ππππ,k xΓ  in (4) represents the 

second objective function depending on the studied case: 

1st case study: In this case the second objective to minimized is the mean value of the strain 
energy corresponding to the deformed configuration of the structure valuated in close form as 

( ) ( ) dFxx tt,U, •==Γ λ
2

1
1 ππππππππ                                                      (11) 

corresponding to equilibrium defined in (8) and (9). 

2nd case study: The standard deviation of the strain energy on the deformed configuration of 
the structural system is the second case studied. The mean value and the variance of the 
energy is obtained respectively as 

0)( UUE ≡                                                              (12) 

( ) ∑∑
=≠=

+=







−≡

n

ji

jiji

n

i

ii x,xSSxSUUEU

11

220 )cov(2)var()var(          (13) 

being 0U  the calculated value for the energy for the nominal values )( 00
1

0
nx...,,x=x . The 

equation (13) can be written in matrix form as 

T
xU SCS=)var(                                                         (14) 
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where the superscript “T” denotes the transposition, xC  is the covariance matrix for 

parameters )( 1 nx...,,x  with components defined as 

( )
( )

( )





==

≡≠=
=

ji,x

tcoefficienncorrelatio,ji,x,x

i

ijjiijji

ijx
2var

cov

σ

ρσσρ
C            (15) 

and the column vector )( 1 nS...,,S=S  has components ( ) 0xii xUS ∂∂= . 

If the design variables )( 1 nx...,,x  are uncorrelated then equation (13) can be reduced to 

∑∑
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ii S)x(SU

1

22

1

2 var)var( σ                                     (16) 

Finally the second objective function in this case is written as 

( ) ( )[ ]{ } 21
2

/,Uvar, ππππππππ xx =Γ                                          (17) 

Since the RBRDO problems for structures usually involve the solution to a several-loop 
optimization problem, the computational costs are very expensive. So, in this paper a RBRDO 
approach supported by multiple-objective Memetic Algorithm (MOMA) is proposed. Multi-
objective Memetic Algorithm (MOMA) searching Pareto-optimal front is proposed. MOMA 
applies multiple learning procedures exploring the synergy of different cultural transmission 
rules. The approach is based on multiple populations, species conservation, migration, self-
adaptive, local search, controlled mutation, age control and features-based allele’s statistics. 
These aspects are associated with some kind of problem knowledge and learning classified as 
Lamarckian or Baldwinian (Krasnogor and Smith, 2006). The memetic learning procedures 
are used aiming to improve the exploitation and exploration capacities of MOMA. It is 
implemented the selfish gene theory using a fusion of concepts. The age structure (Conceição 
António, 2006, 2009, 2013) is applied together with feature-based allele’s statistics analysis 
used in the learning procedure. This is performed considering an age structured virtual 
population (VP). The age structured VP plays important role in evolutionary process based on 
two rules: the first one is to store the ranked solutions aiming to obtain the Pareto front and 
the second one is to evolve as a virtual population of alleles. Continuous statistical parameters 
of alleles are obtained and its relationship with dominance is established. The most promising 
alleles are selected for genes emulating the cultural and genetic evolution.  

A self-adaptive genetic search incorporating Pareto dominance and elitism is presented in the 
proposed approach MOMA. Two concepts of dominance are used: the first one denoted by 
local non-dominance is implemented at the isolation stage of populations and the second one 
called global non-dominance is considered at age structured VP. The age control emulates the 
human life cycle and enables to apply the species conservation paradigm. A new mating and 
offspring selection mechanisms considering age control and dominance are adopted in 
crossover operator applied to age-structured VP.  

The concept of species associated with material choice and distribution on composite 
structures is used. A detailed analysis of solutions/individuals at the Pareto-optimal front 
reveals that they belong to different species. From this it can be concluded that MOMA is 
successful in preserving the population diversity. Furthermore, MOMA is able to indicate 
alternative optimal designs based on different species what might be very important for the 
designers in multi-objective design optimization of stiffened composite structures. 
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Fig. 1 - Multiobjective Memetic Algorithm (MOMA) flow diagram 

 
The following crossover operators are used in the MOMA: Elitist Hybrid Crossover with 

genetic improvement (EHCgi) (Conceição António, 2006 and 2009); Elitist parameterized 

Uniform Crossover (EpUC) (Conceição António, 2006 and 2009), Age-Dominance 

parameterized Uniform Crossover (ADpUC) (Conceição António, 2013) and the new 
operator denoted by Age-Dominance parameterised Selfish Gene (ADpSG) crossover 
(Conceição António, 2014). In this work, two or three crossover schemes can be selected in 
each sub-population of MOMA as follows: 

POP1: EpUC or (ADpUC and ADpSG) 
POP2: EpUC or EHCgi (local optimizer) 
POP3: EpUC or (ADpUC and ADpSG) 
The ADpUC and ADpSG are applied together to build the offspring group. 

Other Lamarckian learning procedure is based on the incorporation of data related to the 
behaviour of state variables of the structural system. This is the objective of the Controlled 

Mutation (Conceição António, 2006 and 2009). The establishment of a relationship between 
the stress field in the composite structure and the chosen genes to mutate can control the 
mutation process. The Controlled Mutation is performed in an alternative way with Implicit 

Mutation (Conceição António, 2006). 

 

NUMERICAL RESULTS  

The formulation of reliability based design of non-linear composite structures is tested using a 
spherical composite shell structure reinforced with beam stiffeners, as shown in Fig. 3. The 
shell is hinged at its perimeter and subjected to a reference load kNFmax  10= , applied at 

central point of the structure. Three shell laminates (1 to 3) and three beam laminates (4 to 6) 
were considered, as defined in Fig. 2. On the structure each laminate is symmetric with six 

layers. The j-th shell laminate is defined by i-th ply angle j,iθ  and by i-th ply thickness j,it  

design variables. For the j-th beam laminate, the design variables of the cross-sections are the 
width jw  and the height jh . These design variables are defined according Fig.2. The ply 

numbering is made from upper ply to lower ply. The stiffeners are connected below the shell 
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elements. The fibres of beam laminates are aligned with their longitudinal axis. The stiffeners 
built with beam laminates are plotted by bold lines in Fig.2. These structural elements are 
defined by numbers on the plan projection of the spherical shell on the left side of Fig.2. 

 
Fig. 2 - Spherical shell composite structure with stiffeners and laminate definition 

 
One material from Table 1 is selected for each ply of each laminate. Four composite systems 
are considered for ply laminates in this study: one carbon/epoxy composite, two glass/epoxy 
composites and one Kevlar/epoxy composite (Tsai, 1987). The Kevlar/epoxy is considered as 
a possible material choice only for the inner ply of the symmetric laminates. The remaining 
materials are free selection and at least two materials must be considered for hybrid composite 
laminate construction. Then there are 33 possible combinations of these four materials for the 
stacking sequence jπ  considering the defined rules and six plies in the symmetric j-th 

composite shell laminate construction. 
 

Table 1 - Mechanical properties of the materials used in the composite laminate 

Material 
1E  [GPa] 2E  [GPa] 2G1  [GPa] ν  

Type Code 

CFRP: T300/N5208 
GFRP: Scotchply 1002 
GFRP: E-glass/epoxy 
KFRP: Kevlar 49/epoxy 

1 
2 
3 
4 

181.00 
38.60 
43.00 
76.00 

10.3 
8.27 
8.90 
5.50 

7.17 
4.14 
4.50 
2.30 

0.28 
0.26 
0.27 
0.34 

 X  [MPa] Y  [MPa] S  [MPa] ρ  [kg/m3] 

CFRP: T300/N5208 
GFRP: Scotchply 1002 
GFRP: E-glass/epoxy 
KFRP: Kevlar 49/epoxy 

1 
2 
3 
4 

1500 
1062 
1280 
1400 

40 
31 
49 
12 

68 
72 
69 
34 

1600 
1800 
2000 
1460 

 
The beam laminates are built with six plies made by material number 2 from Table 1 and this 
kind of material does not change during the optimization process. The allowed value for 
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laminates 

F 

1 

2 

3 

F 

4 
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6 

4 
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4 
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6 

6 
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Beam 
laminate 
(stiffener) 

y 

x 
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R 

b 
R=4.758 m 
b=0.086 m 

stiffeners 
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critical displacement in buckling or FPF failure modes is m 1009 2−×= .d a . The lower 

bound for the critical load factor defined in Equation (4) is 20.a =λ . The size constraints on 
the design variables are established as:  

m21002m31005

m21004m21002

m31004m31001

9090

−×≤≤−×

−×≤≤−×

−×≤≤−×

≤≤−

.jw.

.jh.

.j,it.

ºj,iº θ

                                                   (18) 

In this work the uncertainty in design variables )( whθt ,,,  is considered for robustness 
analysis as formulated from equation (13) to equation (17). So, the input variables in 

uncertainty and sensitivity analysis are grouped in vector )( whθtX ,,,=  with the following 
treated as random design variables: 

- the ply thickness of shell laminates group t ; 
- the ply angle of shell laminates group θθθθ ; 
- the height and width beam laminates group (h, w). 

The standard deviations º5)( i =θσ  are prescribed for all random design variables belonging 

to the ply angle group θθθθ . The standard deviation i.
i

µσ µ  050= , is considered for each 

design variable iµ , such as the ones belonging to the ply thickness of shell laminates group t  

and to the height and width beam laminates group (h, w). In this case, iµ  is the mean value of 

each design variable taken from the values of RBRDO searching process. 

The genetic parameters of MOMA are presented in Table 2. Ten individuals belonging to 
different species (Conceição António, 2009, 2013 and 2014) participate in each migration 
flow between the three MOMA sub-populations. The number of digits in code format refers 
to the binary coding of the first two segments and the last number refers to the integer code 
used in third segment of the chromosome associated with laminate identification and 
laminates distribution on the composite structure as shown in Fig.2. 

 

Table 2 - Genetic Algorithm parameter definitions 

Subpopulation POP1 POP2 POP3 

Population size 27 27 27 

Elite group size 11 11 11 

Mutation group size 5 5 5 

Nr. digits/binary or integer code 4/4/4 4/4/4 4/4/4 

Generations/isolation time 8 8 8 

 

In the age and dominance-structured population VIP, the lethal age is equal to 35 generations. 
In the self-adaptive crossover procedure the parameters are according to author previous 
research (Conceição António, 2009). After the lethal age only non-dominated (rank 1) 
solutions survive inside VIP population. 
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Fig. 3 - Optimal Pareto front corresponding to bi-
objective optimization based on weight and strain 
energy (1st case study); variability of energy (CV 

energy %) for each solution on Pareto front 

Fig. 4 - Optimal Pareto front corresponding to bi-
objective optimization based on weight and standard 

deviation of strain energy (2nd case study); strain energy 
for each solution on Pareto front 

 
 

The MOMA performs during thirty epochs. Figures 3 and 4 show the Pareto fronts (rank 1) 
for both studied cases: (1) weight - strain energy objectives; and (2) weight - standard 
deviation of strain energy objectives. The global dominance measured in age and dominance-
structured population VP is used to trace the associated Pareto fronts. The performance of the 
proposed approach to search for Pareto front’ solutions considering the multi-objective 
optimization problem can be observed. Two Pareto-optimal non-dominated solutions (rank 1) 
for the two bi-objective optimization studied cases are presented in Table 3 and Table 4. The 
solutions are obtained for the 30th epoch of age and dominance-structured population VP.  

The strain energy is associated with the stiffness properties of the structure. When the 
objectives to be minimized are the weight and the strain energy (1st case study) a fair 
variability of strain energy measured by its CV is observed as shown in Fig. 3. The nominal 
values of strain energy follow the same behaviour of Pareto front if the objectives are the 
weight minimization and the standard deviation of strain energy minimization (2nd case study) 
as presented in Fig.4. 

Table 4 presents the description of the third segment of the chromosome for the two Pareto-
optimal front solutions (rank 1) of Table 3. The optimal stacking sequence at laminate level 
and optimal laminate distribution at structure level are searched. In this example three 
laminates are considered for the composite structure. The stacking sequence of each 
symmetric shell laminate is given in closed brackets using the composite system numbering 
defined according to Table 1. The optimal laminate distribution in the structure is based on 
different laminates. However the same laminates are pointed as optimal solution when the 
objectives to be minimized are the weight and the strain energy (1st case study). 
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Table 3 - Decoding results of the Pareto-optimal front solutions for the first two segments 

of chromosome ( j,it , ih , iw [mm] and j,iθ  [degrees]) 

Laminate Design 

variables 

Pareto optimal solutions 

Shell Beam Weight - Energy  Weight - Std Energy 

1  
 

2.00/ 18 1.00 / 30 

1  
 

1.00/ 78 2.20 /  6 

1  
 

3.20/ 54 2.00 /-66 

2  
 

1.00/ 54 1.00 / 42 

2  
 

1.00/  6 2.60 /-78 

2  
 

1.00/ 66 1.00 / -30 

3  
 

2.40/ -18 1 40 / 66 

3  
 

1.00/ -78 1.00 /-54 

3  
 

1.00/ -30 1.40 / -6 

 4 
 

40.0 / 10.0 40.0 / 17.0 

 5 
 

26.7/ 7.0 20.0 / 6.0 

 6 
 

28.0/ 6.0 33.3 / 5.0 

Objectives: 

Weight [kg] 9.001 9.664 

Energy [J] 2.823 (3.0283) 

Std Energy (9.9795E-02) 7.8504E-02 
 

Table 4 - Decoding results of the Pareto-optimal front solutions corresponding to the 
third segment of each chromosome (ply material properties defined in Table 1) 

Pareto-optimal 
solutions 

Optimal stacking sequence at laminate level & optimal laminates 
distribution on structure 

     ;         ;       

Weight - Energy t 
[1/1/4] S;   [1/1/4] S;   [1/1/4] S 

Weight - Std 
Energy [1/3/4] S;   [1/1/2] S;   [1/1/4] S 

 
 

CONCLUSIONS 

The RBRDO problems of composite structures that simultaneously consider minimum 
weight/cost, minimum strain energy and minimum strain energy variability related to 
maximum performance and robustness are presented. The scope is to obtain sustainable 
design for composite structures. Since hybrid composite laminates are commonly used in 
aeronautical, space and advanced industrial applications proposed approach are applied to 
these materials. So, a Multi-objective Memetic Algorithm (MOMA) was developed and 
applied to the optimization of hybrid composite shell structures with stiffeners. The memetic 
learning procedures are used aiming to improve the exploitation and exploration capacities of 
MOMA. The reliability-based robustness design optimization is performed comparing two 
constrained bi-objective optimization problems: (1) weight - strain energy minimization; and 

1111 ,, /t θ

1212 ,/,t θ

1313 ,, /t θ

2121 ,, /t θ

2222 ,, /t θ

2323 ,, /t θ

3131 ,, /t θ

3232 ,, /t θ
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(2) weight - standard deviation of strain energy minimization. The trade-off for both bi-
objective optimization problems, depending on given stress, displacement and buckling 
constraints imposed on composite structures, is searched and the global Pareto-optimal fronts 
are built. Results show that MOMA is promising in multi-objective optimization of FRP 
composite hybrid structures. 
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ABSTRACT 

The introduction of reliability assessment methods in safety analysis of composite structures 
increased the complexity and the efficiency of failure evaluation proposed methodologies. 
Here, an approach based on surrogate modelling of first ply failure (FPF) to obtain the 
reliability of the whole composite structure is proposed and analysed for reliability-based 
design (RBDO). This approach overcomes the expensive costs associated with exhaustive 
local reliability evaluation. However, it can drive an underestimation of the structural 
reliability index. The identification of different failure modes and its importance in reliability 
analysis are outlined and discussed. 

Keywords: composite structures, surrogate modelling, reliability, multiple failures, RBDO. 

 

INTRODUCTION 

Composite plates and shells structures develop interactions in the physical response between 
ply, laminate and structure levels inducing failure events at different scales and competing 
failure paths. As a result of the associated analysis and design complexity the structural 
response becomes highly unpredictable since uncertainties in geometry, loading, or material 
properties can completely change the failure path. Composite structures introduce many 
failure modes and exhibit failure responses across various length scales (Boyer et al., 1997; 
Carbillet et al., 2009; Conceição António and Hoffbauer, 2009). In the presented paper 
approximate representations of failure events were introduced aiming to obtain an 
improvement of the efficiency in reliability analysis. The errors introduced by some 
approximations used in structural reliability calculations of composites are studied.  

 

RELIABILITY ANALYSIS REVIEW 

In the reliability analysis of composite structures, the basic random variables, which are 
assumed to be uncorrelated, define the vector ) ...,  ( n21 πππ ,,=ππππ . Their mean values and 
variances describe their statistical nature. In this case, the random variables are the elastic and 
strength properties of the composite laminates of the structure. If the boundary surface of the 
safety domain is written as 

0) ...,  ( n21 == πππϕ ,,z                                                    (1) 

the values of ππππ  belonging to the failure domain will satisfy the inequality: 

0<)(= ππππϕz                                                           (2) 



Symposium-8: Optimization and Uncertainty Quantification 
 
 

-1412- 

The probability of failure is defined as 

[ ] ∫Ω< ππππππππππππ d )(=0)(= fPPf ϕ                                             (3) 

where )(ππππf  is the joint probability density function of ππππ , Ω  is the failure region, and )(ππππϕ  
is the so-called limit state function that separates the design space into failure ( 0)( <ππππϕ ) and 

safe ( 0)( >ππππϕ ) regions. The distribution of the basic variables, iπ , and the limit state surface, 

)(ππππϕ , are known, and the probability of failure can be employed as a measure of reliability. 
However, Eq. (3) cannot be evaluated analytically for realistic composite structures because 
the calculation of the integral is too difficult. To avoid this problem, the moment reliability 
theory is used in this work, namely, the so-called Hasofer-Lind reliability index (Hasofer and 
Lind 1974, Melchers 1999). The Hasofer-Lind method is performed in two steps. The first 
one consists of projecting Equation (1) into the space of standardised variables: 

i

iiu
πσ
ππ −

=i                                                               (4) 

where iπ  and 
iπσ  are, respectively, the mean values and the standard deviations of the basic 

random variables. The second step measures, in this space, the minimum distance β  of the 
transformed surface 

0=)...,  ( n21 u,u,uϕ                                                     (5) 

to the origin of the axes. A design is considered reliable, at the aβ  level, prescribed by an 

appropriated code provision, if aββ ≥ . On the other hand, considering that the probability 

density in the standard normal space decays exponentially with the distance from the origin, 
the point with the maximum probability of failure on the limit-state surface is the point of 
minimum distance to the origin. From the operational point of view, the search for this point 
can be formulated as a constrained optimisation problem 

Minimise: ( ) 21 
 )β(

/T uuu =                                              (6) 

Subject to: 0)( =uϕ  

where u is the vector of the standardised variables defined through Eq. (4), and the solution, 
*u , is referred in technical literature as the design point or the MPP. The assumption that the 

minimum distance β  obtained from the solution of the minimisation problem in Eq. (6) is a 
measure of reliability is equivalent to the discretization at one single point of the safety 
domain boundary, expressed in the space of the standardised variables. This corresponds to 
the substitution of the hypersurface by the hyperplane passing through the point defined by 

*u  (Hasofer and Lind 1974). By formally introducing a normal probability distribution 
function, Φ , the first-order approximation to fP  can be written as 

)(Pf β−Φ≈                                                             (7) 

where β  is known as the reliability index, i.e., the minimum distance from the origin to the 
limit-state surface. The design point or MPP, *u , is obtained using an iterative scheme of the 
Hasofer-Lind method (Hasofer and Lind 1974, Conceição António 1995, António et al. 1996, 
Melchers 1999) and based on gradients evaluated by the adjoint variable method (Conceição 
António 1995). 
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STRUCTURAL RELIABILITY ASSESSMENT APPROACH  

Defining the Tsai number, kR , as a strength/stress ratio (Tsai 1987), it can be used together 

the interactive quadratic failure criterion of Tsai-Wu at the k-th point of the structure, where 
the stress vector is evaluated, by solving equation 

( ) ( ) 01 2 =+− kiikjiij RsFRssF                                         (8) 

where is  are the components of the stress vector, and ijF  and iF  are the strength parameters 

associated with unidirectional reinforced laminate.  

Laminate composite material structures are parallel systems. Indeed, when a point of the 
structure reaches the first ply failure (FPF) there are internal loads sharing and the structure 
can not fail. If there is residual strength the timing correspondent to the ultimate structural 
failure is associated with the last ply failure (LPF) (Tsai 1987). The analysis of LPF is very 
complex and costly when applied to shell composite structures. Furthermore, the first ply 
failure is the beginning of material degradation and the elastic material behavior can not be 
accepted. This way a conservative rule based on first ply failure is preferable mainly taking 
into account the weak matrix properties of the composite materials. Since the safe region is 
related to 1>kR , the most critical Tsai number associated with first ply failure (FPF) is 

established as 

)( 1 sNk R...,,R...,,RMinR =                                              (9) 

being sN  the total number of points where the stress vector is evaluated. The location of the 

points where the stresses are evaluated depends on the post-processing methodology used in 
the structural analysis. In this approach the finite element method is used for structural 
analysis and the stress vector is evaluated at the Gauss points of numerical integration. In this 
particular case, the formulae presented in Eq. (8) and Eq. (9) for the limit state function can be 
written as 

1)( −= Rππππϕ                                                          (10) 

From the deterministic point of view the structural failure analysis is associated to the most 

critical Tsai number defined in Eq. (9) and the composite structure fails at 1R = . However, 
in reliability analysis a limit state function must be considered for each point (for example at 
the Gauss integration points) on structure where the Tsai number is evaluated as defined in 
Eq. (8). This means that sN  limit state functions should be considered and so, reliability 

analysis becomes very expensive and unpractical. To overcome this difficulty only the limit 

state associated to the most critical Tsai number R  will be considered in structural reliability 
analysis as proposed in Eq. (10). Following the formulae proposed in the previous section the 
reliability index of the composite structure, sβ , is obtained. 

Since the stress vector is evaluated at discrete points, the measure of structural reliability 
depends on local conditions and on the shape of the failure envelope and so the approximation 
considered in Eq. (9) and Eq. (10) is valid as a first design approach. The most real scenario 
for the reliability assessment is to consider a reliability index kβ  for each kR  in Eq. (8) as 

follows, 

)( kRFk =β                                                       (11) 
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and so, the system reliability index of the composite structure is defined as 

)( 1 sNks ...,,...,,Min ββββ =                                       (12) 

Although the first ply failure concept is commonly associated to a deterministic analysis of 
laminate composite material failure it can not be dissociated from the physical phenomenon 
of failure and consequent material degradation and it must be considered in reliability 
analysis. In the proposed approach the physical phenomenon of FPF is considered together 
with a probabilistic failure analysis considering the uncertainty in mechanical properties of 
the ply material. This is the reason why the failure probability of the system is equal to the 
largest failure probability among the components (plies) as defined in Eq. (12). 

It is troublesome to evaluate the reliability index associated with each k-th limit state function 
in an explicit way for complex structures, composed of many elements and then to calculate 
the reliability of the structural system, sβ . However, the structural reliability index sβ  

evaluated from Eq. (9) and Eq. (10) can be very different when compared with the realistic 
values obtained from Eq. (12). 

So, the influence of multiple failures kR  on the surrogate model in Eq. (10) must be analysed 

on reliability assessment. To simplify the problem a linear loading case applied to angle-ply 
composites is considered. The study is driven for the maximum load capability of the 
composite structure for a target reliability index, aβ .The optimal maximum load λ  for aβ  is 

obtained over the ply angle design variable, a, as follows, 

[ ] 2

,
),(Minimise as

a
a βλβ

λ
−  

subject to   as ,a βλβ ≥),( ππππ    and   
2

a0 π≤≤                              (13) 

where ππππ  is the random variable vector. This is a conventional RBDO target optimisation 
problem and the reliability condition, as , βλβ =)a,( π , is automatically satisfied (Conceição 

António and Hoffbauer 2009). To solve the target problem in Eq. (13), an optimisation 
algorithm based on gradients or evolutionary methods can be implemented. However, for the 
case with two design variables, load factor λ  and ply angle a, a decomposition of the 
problem is considered, and the following algorithm (Conceição António and Hoffbauer 2009) 
is proposed: 

Do 0:=a  
1st Step: Choice of initial solution (n=0) for load factor, nλ ; 
2nd Step: The Hasofer-Lind method and the appropriate iterative scheme are applied to 
evaluate the structural reliability index, sβ ; 

3rd Step: Check for convergence, 0)( →− as ββ .  

If it does not converge, then  
go to the 4th Step  
else go to the 5th Step; 
4th Step: 1: += nn  
Use the bisection method to estimate the load factor, 1n+λ  
Go back to 2nd Step. 

5th Step: If 
2
π≤a  then  
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aaa ∆+=: , go to 1st Step 
else Stop; 
End Do 

The Hasoffer-Lind iterative scheme is based on the method developed by Conceição António 
(Conceição António 1995, António et al. 1996). The procedure is a SORM technique based 
on a quadratic approximation of limit state surface (Conceição António 1995). A gradient-
based method (Conceição António 1995) is used to find the most probable failure point 
(MPP) and the gradients are obtained using the adjoint variable method (Conceição António 
1995). 

 
RESULTS 

To solve the RBDO inverse problem in Eq. (13), an optimisation algorithm is implemented 
and applied to a clamped cylindrical shell laminated structure. Nine vertical loads of mean 
value kP  are applied along the free linear side (AB) of the structure. This free linear side 

(AB) is constrained in the y-axis direction. The structure is divided into four macro-elements, 
grouping all elements, and there is one laminate per each macro-element. The laminate 
distribution of the structure is shown in Fig.1a). 

 
(a)                                                                                        (b) 

Fig. 1 – (a) Cylindrical shell and composite laminates distribution, and (b) loading capability of structural 

system: Maximum load for 3=aβ  (surrogate model Eq. (9) and Eq. (10)) 

Two composite systems, the E-glass/epoxy (Scotchply 1002) and the Carbon/epoxy 
(T300/N5208) (Tsai 1987), are used in the presented analysis. The balanced angle-ply 
laminates with five layers and the stacking sequence [ ]aa/ /0ºa/ a/ −++−  are considered. 
The structural analysis of laminated composite structures is based on the shell finite element 
model developed by Ahmad (1969). This shell element is obtained from a 3-D finite element 
using a degenerative procedure. It is an isoparametric element with eight nodes and five 
freedom degrees per node based on the Mindlin shell theory. 
The mean values of the elastic and strength properties of the ply material used in the laminate 
construction of the composite structure are presented in Table 1. The elastic constants of the 
orthotropic ply are the longitudinal elastic modulus 1E , the transversal elastic modulus 2E , 

the in-plane shear modulus 12G , and the in-plane Poisson’s ratio 12ν . The ply strength 
properties are the longitudinal strength in tensile, X, and in compression, X’, the transversal 
strength in tensile, Y, and in compression, Y’, and the shear strength, S.  
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Table 1 - Mean value of mechanical properties of composite layers 

Material 1E   [GPa] 2E   [GPa] 12G   [GPa] 12ν  

T300/N5208 
E-glass/epoxy (Scotchply 1002) 

181.00 
38.60 

10.30 
8.27 

7.17 
4.14 

0.28 
0.26 

 X; X’  [MPa] Y; Y’  [MPa] S  [MPa] ρ[kg/m3] 
T300/N5208 

E-glass/epoxy (Scotchply 1002) 
1500; 1500 
1062; 610 

40; 246 
31; 118 

68 
72 

1600 
1800 

 

To investigate the multiple failure influence on reliability analysis of the composite structures, 
the mechanical properties denoted by ππππ  are the considered random variables. All random 
variables are non-correlated following a normal probability distribution function defined by 
their respective mean and standard deviation. The mechanical properties vector, ππππ  includes 
the following random variables: longitudinal Young’s modulus j,E1 , transversal modulus 

j,E2 , transversal tensile strength jY , and shear strength jS , where subscript j denotes the 

laminate number. Sixteen mechanical properties are considered as random parameters with 
uncertainty in this analysis: j,E1 , j,E2 , jY , jS , j=1, … 4. The present study can be extended 

to other random variables. The coefficients of variation, %6)CV( =ππππ  of mechanical 
properties ππππ  are tested. 

The constrained target optimisation problem given in Eq. (13) is solved using the algorithm 

proposed in previous section. The maximum allowable load, )( aP β , on the composite 

structure, considering the prescribed reliability index of 3=aβ , is obtained. This maximum 

load, as function of the ply angle design variable, a, is plotted in Fig. 1b). The maximum load 
for Carbon/Epoxy composite system (CFRP) is higher than for E-glass/ Epoxy composite 
system (GFRP) and the difference increases with ply angle from 0º to 90º. The maximum load 
presented in Fig. 1b) is obtained using the surrogate modelling defined by Eq. (9) to Eq. (10).  

 
Fig. 2 - Structural reliability assessment: Influence of multiple failure points.  

Applied load=1.05×maximum load for  βa=3 (Scotchply 1002, 1st case study) 
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In order to study the influence of multiple failures on deviations of the proposed surrogate 
modelling relatively to the real reliability index of the laminated composite structure, an 

applied load higher than 5% of maximum load )( aP β  is considered in the following 

examples. The first studied case is performed for the E-glass/epoxy composite system 
(Scotchply 1002, Tsai 1987) and the four first positions in Tsai number ranking (in ascending 
order) are considered in the analysis. The correspondent reliability index, )(R kFk =β , is 

obtained and plotted in Fig. 2.  

Figure 2 shows the influence of ply angle on reliability indices for E-glass/epoxy composite 
system. This dependence comes from the changes in stresses in Eq. (8) when calculated at 
Gauss point of ply level. The Tsai number ranking changes also in Eq. (12). It must be 
observed that the changes in reliability indices are higher than Tsai number values. Since Tsai 
numbers are obtained from the deterministic analysis, they depend on changes in mean values 
of mechanical properties presented in Table 1. However, the reliability indices being obtained 
from probabilistic analysis depend on mean values, standard deviations and joint probability 
density functions of random variables. Furthermore, changes in ply angle modify significantly 
the constrained optimisation problem defined in Eq. (13) for reliability analysis. 

Since only one R-rank position of Tsai number kR  is considered in Fig.2, its location on the 

composite structure (Gauss point) is not specifically reported. For ply angles equal to 10º and 
20º it is observed changes in the β-rank of reliability index values occurring in points 
belonging to the same laminate (dashed line circle). For a ply angle equal to 70º the change in 
β-rank of reliability index is observed for points belonging to different laminates of the 
composite structure (solid line circle). 

 
Fig. 3 - Influence of load on reliability index for multiple failure points, 

ply angle, a=70º (Scotchply 1002, 1st case study) 

0 ,0

1 ,0

2 ,0

3 ,0

4 ,0

5 ,0

6 ,0

7 ,0

8 ,0

9 ,0

1 0 ,0

1 1 ,0

1 2 ,0

15 0 00 20000 25000 30000 35000 40000

L o a d  [N ]

R
e
li
a
b
il
it
y
 i
n
d
e
x
,

ββ ββ
νν νν

Ts a i Numb e r  Ran k : 1 s t

Ts a i Numb e r  Ran k : 2 n d

Ts a i Numb e r  Ran k : 3 r d

Ts a i Numb e r  Ran k : 4 th



Symposium-8: Optimization and Uncertainty Quantification 
 
 

-1418- 

Figure 3 shows the relationship between load and the corresponding reliability index for the 
specific stacking sequence [ ]70º/70º /0º/ 70º/70º −++−  for all composite laminates built 
with E-glass/epoxy composite system. In this case the proposed surrogate model for reliability 
analysis of composite structures defined in Eq. (9) and Eq. (10) kept valid but the changes in 
the β-rank of reliability index values (2nd and 3rd R-rank positions) indicates a loss of 
generality of the surrogate model approach. The reliability index of the failure point ranked in 
3rd R-rank position is lower than the reliability index of the 2nd R-rank position. Although the 
most critical Tsai number is associated to critical reliability index, Fig. 2 and Fig. 3 show that 
the ranking in terms of Tsai number R (R-rank) is not the same when made in terms of 
reliability index values (β-rank).  

The second case study is performed for the Carbon/epoxy (T300/N5208, Tsai 1987) 
composite system (CFRP) and using the previous stacking sequence [ ]aa/ /0ºa/ a/ −++−  for 
all laminates. Figure 4 shows that for 60% of the ply angle values there are changes in the 
positions when the Tsai number-based ranking is compared with the reliability index-based 
ranking. Changes in the ranking of reliability index values occurring in points belonging to 
the same laminate (dashed line circle) are visible in Figure 4. For a ply angle a=50º the 
change in reliability index ranking is observed for points belonging to different laminates of 
the composite structure (solid line circle). Once, there is a loss of accuracy of the surrogate 
modelling based on the use of reliability index associated to the most critical Tsai number (R-
rank) considered as the critical reliability index of the structure. In this scenario, there is an 
underestimation of the reliability of the composite structure. 

 
Fig. 4 - Structural reliability assessment: Influence of multiple failure points. 
Applied load=1.05 ×  maximum load for βa=3 (T300/N5208, 2rnd case study) 
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load on reliability index is different from first GFRP case there are some important aspects to 
be pointed. The β-rank position and R-rank position depends on load value as shown in Fig.5 
indicating a loss of generality of the approach.  
 

 
Fig. 5 - Influence of load on reliability index for multiple failure points, 

ply angle, a=50º (T300/N5208, 2nd case study) 
 

CONCLUSIONS 
 

The influence of multiple failure modes in reliability assessment of composite structures is 
studied within the context of RBDO. The validity of the approximation used to define the 
structural reliability sβ  from critical R is discussed comparing with the sβ obtained from 

the critical β on the structure. Although the surrogate model uses the most critical Tsai 
number to define critical reliability index sβ  this must be considered as first deign. The 

previous analysis shows that in many situations the ranking in terms of Tsai number (R - rank, 
Eq. (9) and Eq. (10)) is not the same when made in terms of reliability index values ( β - rank, 
Eq.(12)). So, this can drive for an underestimated reliability assessment of the composite 
structures. Furthermore, the load level can improve the differences between the values of 
structural reliability index sβ  obtained from surrogate model and the ones obtained using the 

more realistic model defined in Eq. (12). 
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ABSTRACT 

The questions of the shape optimization of an axisymmetric rigid striker and structure 
optimization of layered perforated plates are studied on the base of the Nash game approach 
(Stadler, 1984), (Banichuk, Ivanova, 2016 (a)) for layered plates made on the given set of 
materials. As a criterion of the multipurpose optimization problem it is chosen the ballistic 
limit velocity under additional constraints on the striker mass and the layered shield mass. 
The process of penetration of the rigid body into an elastic-plastic medium is modelled by the 
application of the two parts representation for the resistance force (Banichuk, Ivanova, 2016 
(b)). It is proposed and realized the solution algorithm of the conflict game problem: the 
optimal shape striker against the optimal structure layered shield. It is considered the case 
when the striker mass is given and does not depend on its volume and also the case with the 
constraint on the striker mass (volume). With the application of an evolution numerical 
method (genetic algorithm) the optimal shapes of penetrating bodies and corresponding 
optimal shield structures are found and analyzed for all cases. 

Keywords: optimization, game approach, high-speed penetration. 

 

INTRODUCTION 

The study of processes of high-speed penetration of rigid strikers into deformed media and 
perforation of shield structures is actual and of theoretical and practical interest. Scientific 
investigations in this region are very wide and include many experimental, analytical and 
numerical components. Also the optimal structural design plays the important role in this 
aspect. Many studies were devoted to the problem of optimal shape determination of rigid 
bodies penetrating with high speed into deformed (elastic-plastic, concrete, brittle) media. 
Also problems of shield structure optimization were investigated by many authors. 

Now we propose the game approach to solve the problem of high-speed perforation of the 
layered slab by the axisymmetric striker (optimal shape striker against optimal shield 
structure).  

 

RESULTS AND CONCLUSIONS 

The questions of shape optimization of rigid strikers perforating the layered slab are studied in 
game statement. As a criterion of multipurpose optimization problem it was taken the ballistic 
limit velocity, which is a very important characteristic of striker-medium interaction. It was 
proposed and realized the iteration solution algorithm for the conflict game problem (optimal 
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shape striker against optimal layered structure) under additional constraints on the striker 
mass and slab mass and also for some geometrical limitations. For all considered cases the 
optimal shapes of penetrating bodies (rigid strikers) and optimal layered structures were found 
using the evolution numerical method (genetic algorithm). 

All optimal strikers have the shape with blunted (a little) nose part. The analysis of numerical 
results for all considered cases permits to make a conclusion (in the frame of using model of 
high-speed interaction) that the optimal shape of striker is determined by its geometrical and 
inertial characteristics and do not depend on the mass of the slab, its thickness and layers 
ordering. In the Fig. 1 it is shown that the optimal shapes practically are the same for cases 
1,2 and 3.4, although they corresponds to different optimal layered structures. Thus, it is 
sufficient to determine the optimal shape of the striker (minimizing the ballistic limit velocity) 
for some given layered structure and then use this solution for the shield optimization 
according to maximum of the ballistic limit velocity. 

 

 

Fig. 1 - Optimal striker shapes ( )y η  [m]. 
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ABSTRACT 

This article introduces a metaheuristic algorithm to solve engineering design optimization 
problems. The algorithm is based on the concept of diversity and independence that is 
aggregated in the average design of a population of designs containing information dispersed 
through a variety of points, and on the concept of intensification represented by the best 
design. It is a population-based algorithm. The algorithm is validated using standard classical 
constrained test engineering optimum design problems reported in the literature. The results 
presented indicate that the proposed algorithm is a very simple alternative to solve this kind of 
problems. They compare well with the analytical solutions and/or the best results achieved so 
far. Two constrained problem analytical solutions not found in the literature are presented in 
annex. 

Keywords: heuristic, randomness, population-based. 

 

INTRODUCTION 

With the advent of fast, cheap and reliable computing power over the last decades, in addition 
to the application of classic optimization to larger and larger size problems, new alternative 
algorithms operating in a different fashion have been developed. The classical optimization 
algorithms have shortcomings and are not suitable for all optimization problems. The new 
alternative algorithms allow attacking optimization problems either too costly or not 
applicable to classical algorithms. 

The purpose of heuristic algorithms applied to optimization problems is to search a solution to 
them by trial-and-error in a satisfying amount of computing time. The optimum solution is not 
guaranteed but a near optimum solution is accepted as a good solution. Metaheuristics refers 
to higher-level algorithms combining lower-level techniques and tactics for exploration and 
exploitation of the design space. That is, these algorithms, on one hand, must be able to 
generate a range of points in the whole design space including potentially optimum ones; on 
the other hand, they intensify the search around the neighborhood of an optimum or near 
optimum points (Yang, 2008). Exploration and exploitation are the two important components 
of the metaheuristic algorithms. They are also called diversification and intensification 
(Glover, 1997). A good balance of these components is required. Too much weight in 
diversification risks slow convergence with the solutions jumping around the potentially 
optimum ones; too much weight in intensification restricts the design space to a local region 
and risks the convergence to a local optimum (Blum, 2003). The heuristic algorithms start 
typically either with guess solutions randomly generated or with a designer preferred trial 
solution. The diversification is gradually reduced as the algorithm proceeds; simultaneously, 
the intensification is increased. One of the roles of injected randomness in stochastic search is 
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to allow for “spontaneous” movements to unexplored areas of the search space that may 
contain an unexpectedly good design. This is especially relevant when the search is stalled 
near a local solution. Injected randomness may also be used for the creation of simple random 
quantities that act like their deterministic counterparts, but which are much easier to obtain 
and more efficient to compute. Metaheuristics algorithms are either population-based or 
trajectory-based. Examples of the former ones are the genetic algorithms (Holland, 1975) or 
the particle swarm optimization (Cagnina, 2008; Kayham, 2010); the last ones include the 
simulated annealing optimization (Kirkpatrick, 1983) or the harmonic search Geem, 2001). 

If a sufficient numerous and diversified group of people is asked to decide on subjects of 
general interest, the decisions of the group are better than the decisions that an isolated 
individual would take (Surowiecki, 2005). Well informed and sophisticated an expert is, his 
or her advice and predictions should be pooled with those of others to get the most out of him 
or her. Practical examples, simple and complex, are described in (Surowiecki, 2005), 
remarking the principle of group think, and the concept that the masses are better problem 
solvers, forecasters, and decision makers than any one individual. A classic example of group 
intelligence is the jelly-beans-in-the-jar experiment, in which invariably the group’s average 
estimate for the number of the jelly beans in the jar is superior to the vast majority of the 
individual guesses. The idea that large groups of people are smarter than an elite few may be a 
surprise to many involved in decision making and problem solving, and can be a concept that 
is difficult to accept. The theory that groups are remarkably intelligent and often smarter than 
the smartest people in them, demonstrates the significant impact on how businesses operate, 
how knowledge is increased, how economies are structured, and how people live their daily 
lives (Williams, 2006). The necessary conditions for a crowd to be wise include diversity, 
independence, and a specific type of decentralization. These conditions are essential to 
making good decisions which are the result of disagreement and contest rather than consensus 
or compromise. Diversity means individuals have some private information or their own 
interpretation of known facts. Diversity helps because it actually adds perspectives that would 
otherwise be absent and because it takes away, or at least weakens, some of the destructive 
characteristics of group decision-making. Homogeneous groups are great at doing what they 
do well, but they become progressively less able to investigate alternatives. Independence 
means freedom from the influence of others. It keeps the individual mistakes from becoming 
correlated. Diversity is essential to preserving this independence. In the jelly-beans-in-the-jar 
experiment, most group members are not talking to each other or solving problems together. 
Decentralization means people draw on local knowledge. It encourages individuals to make 
important decisions, not just in one location based only on one specific type of information, 
but dispersed through a variety of locations from where local knowledge is drawn and shared. 
The information coming out of a decentralized group must be aggregated throughout the 
system, to maintain a balance between local and global counterparts. Aggregation needs a 
mechanism that turns individual judgments into a collective decision. For instance, in a free 
market, the aggregating mechanism is price; in the jelly-beans-in-the-jar experiment, 
individual guesses were aggregated and then averaged, i.e., the aggregating mechanism is the 
average guess.  

The aim of the present article is the proposal of an algorithm based on the concept just 
described. The algorithm considered is stochastic in the sense that it relies on random 
numbers and that different results may be obtained upon running the algorithm repeatedly. 
The algorithm is population-based, where the population individual designs are randomly 
generated. These individuals are diversified and independent since their design variables 
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values are chosen stochastically without any correlation. The individual designs are also 
decentralized since the design variables are chosen all over the entire design space. Finally, 
the different values of the design variables are aggregated as the plain or weighted average of 
those values. However, generating a diverse set of possible solutions isn’t enough. The 
designer, as the body of people, also has to be able to distinguish the good solutions for the 
bad. So, at each of iterations, the present algorithm selects two designs: the best design, the 
one with the best objective so far; and the averaged design, the one which design variable 
values are the mean of those variable values for the iteration. The best design represents the 
intensification component of the algorithm; the averaged design represents the diversity part. 
In the current article, the optimization problem is understood as a minimization problem, 
where the function of merit to be assessed is an extended cost function that takes in account 
penalization due to violated constraints. A reference design is considered as a linear 
combination of both the best and the averaged design variables. A simple recurrence formula, 
centered on the reference design, is used to actualize the design for the next randomly 
generated population. The population can be normally or uniformly generated. 

In optimization, there is traditionally a concern with developing a good stopping criterion. 
Unfortunately, the quest for an automatic means of stopping an algorithm with a guaranteed 
level of accuracy seems doomed to failure in general stochastic search problems. The 
fundamental reason is that in nontrivial problems, there will always be a significant region 
within the design space that will remain unexplored in any finite number of iterations, and 
there is always the possibility the optimum could lie in this unexplored region. A danger 
arises in making broad claims about the performance of an algorithm based on the results of 
numerical studies. Performance can vary tremendously under even small changes in the form 
of the functions involved or the coefficient settings within the algorithms themselves. 
Outstanding performance on some types of functions is consistent with poor performance on 
other types of functions. This is a manifestation of no free lunch theorems (Spall, 2003; 
Wolpert, 1997). 

The present algorithm is applied to several typical engineering design problems profusely 
used as test problems. 

 

THE OPTIMAL DESIGN PROBLEM 

The optimal design problem may be formulated in a generalized fashion as 

                                                   

0 ( )

s.t.

( ) 0; 1 2

; 1 2

j

il i iu

min

j , ,...,m

b b b i , ,...,n

Ψ

Ψ ≤ =

≤ ≤ =

b
b

b
 (1) 

where 0Ψ   is the cost or objective function, j
Ψ   are the constraints in a dimensionless form,  

1 2( , ,..., )nb b b≡b  is the design vector, ilb  and iub are respectively the lower and upper bounds of 

the design variable ib . 

In order of applying the present algorithm, the formulation of the Eq. (1) is particularized as 
the following one: 
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In Eq. (2), P stands for the penalty factor which value depends on the violation of the 
constraints as 

 

1

0                           for satisfied constraints

               for violated constraints
m

v

v

,

P
,

m

αΨ′

=

=

′∑
 (3) 

where 0α > and m′  is the number of violated constraints. In practical terms, the constraint 

j
Ψ  can be considered violated if j

Ψ ε> , with ε  a very small number. Note that the absolute 

value of the objective is considered in the Eq. (2) in order to accommodate problems with 
negative objective functions. 

 

THE AVERAGE-BASED CONCEPT ALGORITHM 

The present algorithm may be described in the following manner: 

1. Start with a preference design guess and an imposed standard deviation 

   ( 1 2 )i iu ils b b , i , ,...,n= − = . Compute the starting values of 0 ( 1 2 )j, , j , ,...,mΨ Ψ =  and 

0Ψ , and establish the starting reference design R
b  as the preference guess, i.e. R ≡b b

. 

Start iterates as  

2. Launch a normally or uniformly random population of N designs as 

 ;  1 2 ;  1 2 ork R k k R k

i i i ib b s r i , ,...,n k , ,...,N= + = = = +b b s r�  (4) 

where k

ir  is the k-th random number related to the design variable ib . Do

if i il i ilb b b b= < , if i iu i iub b b b= > . 

3. Evaluate 0 ( 1 2 )j, , j , ,...,mΨ Ψ =  and 0Ψ  for the entire population of N designs. 

4. Evaluate the best design B
b  corresponding to the minimum value 0

minΨ of the 

extended function. Evaluate the averaged design A
b  for the distribution of designs as 

 
1 1

N N
A k

k k

k k

p p
= =

=∑ ∑b b  (5) 

where k
b is an arbitrary design vector in the population and kp  is the weight 

accounted for design k
b on the average. The weights are selected by the designer. 
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If a plain average is chosen, then 1kp =  for every design. 

Another choice used in this work is to compare the values of k
b  corresponding 

extended function 0Ψ and of the best extended function 0
minΨ  in the previous iteration; 

then assign a weight 2kp =  if the first value is smaller than the second one, a weight 

1kp =  if it is equal or larger. 

5. If there are no constraint violations and there are no improvements of the objective 
function within a prescribed number of iterations, go to 7. 

6. Evaluate a reference design as the linear combination 

 (1 )R B Aθ θ= + −b b b  (6)  

with 0 1θ≤ ≤  and assume the distribution of designs k
b  centered at R

b  with a 

standard deviation vector 2 A B= −s b b . 

Go to 2. 

End the iterates 

7. Stop. 

In order of handling tabular discrete value design variables, the Eq. (4) is rewritten as 

 ( )  ;       1 2 ;    1 2
R k

k i i i
i

b s r
b int i , ,...,n k , ,...,N

+
= ∆ = =

∆
  

where ∆  is the difference value between two consecutive design variables. 

 

NUMERICAL APPLICATIONS 

In this Section, one is going to solve three well-known engineering design optimization test 
problems by applying the formulation and algorithm presented on the previous sections: the 
welded beam design, the pressure vessel design and the tension-compression spring design. 
For all the applications, normally distributed populations were used. A total of 30 independent 
runs were performed per problem. In the first three sections the runs of the algorithm were 
performed with a particular initial seed for different population sizes and different weights on 
the calculation of the average and reference designs. The results are compared with analytical 
solutions and/or heuristic and nonlinear programming algorithms. In the fourth section are 
presented the mean and standard deviation for each problem as well as its best solution over 
the 30 independent runs referred above. 

Welded Beam Design 

The welded beam design problem is well studied in the context of single-objective 
optimization. A beam A needs to be welded on another beam B and must carry a certain load 
P as shown in Fig. 1. The welded beam is designed for minimum fabrication cost subject to 
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constraints on shear stress τ , bending stress in the beam σ , buckling load on the bar 
c

P , end 

deflection of the beam δ , cost of the weld and beam A materials, and side constraints 
(Ragsdell, 1975; Rao, 1996). One wants to find four design parameters: thickness of the beam 
b, width of the beam t, length of the weld l, and thickness of the weld h. 
 

 
Fig. 1 - Welded beam structure 

 
In order of formulating the problem in a standard form, let 1 2 3 4( ) ( )x ,x ,x ,x h,l ,t ,b≡ =x  be the 

design vector. Then, our problem may be described as 
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where 3
1 0 10471($ in )C .=  is the cost per unit volume of the weld material, 3

2 1($ in )C = is 

the labor cost per unit weld volume, 3
3 0 04811($ in )C .=  is the cost per unit volume of the 

beam B, 13 600 psimax ,τ = , 30 000psimax ,σ = , 0 25 inmax .δ = , and 

2 2
1 1 2 2 2 1 1 2 2 2( 2 ) ( 2)x R , P x x , MR J , M P L xτ τ τ τ τ τ τ= + + = = = +    

2 2 2 2
2 1 3 1 2 2 1 3(1 2) ( + ) ( 2 6) [ 3( + ) ]R x x x , J x x x x x= + = +     

2 3 3
3 4 3 46 ( ) 4 ( )PL x x , PL E x xσ δ= =  

2 3
3 4 34 013( ) ( 6)[1 ( 0 5 ) 0 25 ]cP . E L x x . x L . E G= −   

6 6 =14in, (30)(10 ) ps6 000lb, i, (12)(10 ) psiL E GP ,= = =                     

By using mathematical programming, (Rao, 1996) presents the optimum cost function 

0 2 3810* .Ψ ≡  corresponding to the design point 6 2177 8(0.2444, 0.24442915 )* . , . ,≡x . A 

better nonlinear programming solution has been achieved in (Andrei, 2013) by adding GAMS 
created nonlinear model: 0 1 72485* .Ψ ≡ , 3 470 9(0.206, 0.206)037* . , . ,≡x . The lowest 
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optimal solution known so far by the authors is given in (Kayham, 2010) as 0 1 724717* .Ψ ≡ , 

3 468338(0.205830, 0.20579 036624 30)* . , . ,≡x . 

The optimization results achieved with the present algorithm are shown in Table 1 for 
different population sizes N, 0 85.θ = , and different average choices on Eq. (5). In Table 1, IP 
= 0 stands for plain average and IP = 1 means weighted average as written on step 4 of the 
algorithm described on Section 3. The first row for each choice combination of N and IP 
represents the optimum at the convergence of the algorithm. The following rows are the 
results at intermediary iterations. For all these design points all the constraints are satisfied. 

 
Table 1 - Welded beam optimization solutions 

 Iterate 
1x   2x  3x  4x  

0Ψ  

N = 5000, IP = 0 16645 0.205729 3.470519 9.036630 0.205730 1.724858 

 268 0.205468 3.476687 9.038588 0.205723 1.725573 

 32 0.205436 3.477702 9.034963 0.205964 1.726863 

 16 0.204191 3.530001 9.042473 0.205769 1.731815 

       N = 5000, IP = 1 11144 0.205726 3.470586 9.036639 0.205730 1.724864 
 303 0.204957 3.488440 9.035478 0.205797 1.726386 
 57 0.205409 3.475931 9.042488 0.205808 1.726697 
 19 0.204431 3.523721 9.041501 0.205707 1.730704 
       N = 1000,  IP = 0 9434 0.205727 3.470567 9.036656 0.205730 1.724866 

 27 0.204332 3.495317 9.051999 0.205779 1.729056 

 19 0.204359 3.503654 9.084193 0.205596 1.734414 

         N = 1000, IP = 1 10419 0.205730 3.470530 9.036634 0.205730 1.724866 
 1335 0.205707 3.470647 9.038382 0.205760 1.725373 

 522 0.205451 3.477778 9.038218 0.205742 1.725777 

 37 0.205635 3.479632 9.039730 0.205804 1.727052 

 21 0.206227 3.492924 9.013144 0.206816 1.732874 

       N = 100, IP = 0 15080 0.205727 3.470617 9.036695 0.205729 1.724877 
 1596 0.205693 3.470650 9.039433 0.205731 1.725315 
 205 0.205585 3.477111 9.031481 0.206261 1.728674 
 177 0.206150 3.503281 9.041299 0.206170 1.734152 
       N = 100, IP = 1 27689 0.205724 3.470646 9.036589 0.205731 1.724869 
 672 0.204555 3.495600 9.037673 0.205735 1.726630 
 300 0.205584 3.488843 9.039643 0.205969 1.729467 
 141 0.202780 3.547630 9.027128 0.206246 1.732925 
       N = 20, IP = 0 11462 0.205731 3.470480 9.036694 0.205735 1.724909 
 2265 0.205546 3.475157 9.036914 0.205765 1.725515 
 714 0.207129 3.459350 8.988936 0.208278 1.736547 
       N = 20, IP = 1 22011 0.205726 3.470606 9.036623 0.205730 1.724868 
 2788 0.205607 3.474374 9.036784 0.205731 1.725223 
 115 0.202686 3.587231 9.037897 0.205726 1.736020 

 

The best minimum cost value obtained in the present article is 0 1 724858* .Ψ ≡ , corresponding 

to the point 3 470519(0.205729, 0.20579 036630 30)* . , . ,≡x . One may observe that the 
algorithm solutions compare very well with the best solution presented above, even for earlier 
iterates of the algorithm. We may also observe that convergence is faster when the plain 
average is used in Eq. (5).  
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Pressure Vessel Design 

The pressure vessel design problem has been proposed in (Kannan, 1994). It is one of the 
most used test problems for validating optimization algorithms. The problem is to find the 
optimal design of a compressed air storage tank (Fig. 2) with a working pressure of 1000 psi 
and a minimum capacity volume of 31 296 000inminV , ,= . The pressure vessel is composed of a 

cylindrical shell capped at both ends by hemispherical heads. 

 

Fig. 2 - Pressure vessel 

Let the design variables be 1 sx T≡  the thickness of the shell, 2 hx T≡  the thickness of the 

heads, 3x R≡  the inner radius and 4x L≡  the length of the cylindrical shell. The variables 1x  

and 2x  should be integer multiples of 0.0625 in. The objective is to minimize the 

manufacturing cost (material, welding and forming costs) of the pressure vessel (Sandgren, 
1990), subjected to constraints on volume capacity and in accordance with respective ASME 
codes. The mathematical model of the problem is: 

 

2 2 2
1 3 4 2 3 1 4 1 3

1 3 1

2 3 2

2 3
3 3 4 3

1 2 3 4

0  0 6224 + 1 7781 3 1661 19 84

 

0 0193 1 0

0 00954 1 0

1 0 ( 4 3)

0 0625 (99)(0.0625) ; 10 200 
min

min . x x x . x x . x x . x x

s.t.

. x x

. x x

V ; V x x x

. x ,x x ,x

V

Ψ

π

Ψ

Ψ

Ψ

≡ + +

≡ − ≤

≡ − ≤

≡ − ≤ = +

≤ ≤ ≤ ≤

  

The analytical optimum for this problem is calculated in the Annex A as 0 6059 714335* .Ψ ≡  

at the point 0 4375 42 09(0.812 84456 176 63659585, )* . , . , .≡x  with the first and third 
constraints being active. 

The optimal results achieved with the present algorithm are shown in Table 2 for different 
population sizes N, 0 85.θ = , and different average choices on Eq. (5). For all these solutions 
there is no violation of the constraints. The first constraint is nearly active at the optimal point 
for all the different population sizes; it takes values in the interval 

7 5
1(0 3666)(10 ) (0 1215)(10 )*. .Ψ− −− ≤ ≤ − . 

Table 2 - Pressure vessel optimal solutions 

 Iterate 
1x   2x  3x  4x  

0Ψ  
N = 1000,  IP = 0 4143 0.81250 0.43750 42.09843 176.63712 6059.7231 
N = 1000,  IP = 1 13441 0.81250 0.43750 42.09843 176.63678 6059.7158 
N = 500,    IP = 0 8285 0.81250 0.43750 42.09843 176.63701 6059.7212 
N = 500,    IP = 1 11909 0.81250 0.43750 42.09844 176.63673 6059.7168 
N = 200,   IP = 0 4173 0.81250 0.43750 42.09838 176.63742 6059.7227 
N = 200,   IP = 1 5077 0.81250 0.43750 42.09843 176.63704 6059.7222 
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The results for the present algorithm compare well with the analytical solution. Again, the 
plain average of the Eq. (5) gives origin to faster convergence. 
 
Tension/compression Spring Design 

The tension/compression spring design optimization problem is described in (Arora, 1989). 
The goal is to minimize the weight of a tension/compression spring (Fig. 3) subject to 
constraints on minimum deflection, shear stress, surge frequency, limits on outside diameter 
and side constraints. The design variables to be considered are the wire diameter d, the mean 
coil diameter D and the number n of active coils. Let us set up the vector of design variables 
as 1 2 3( ) ( )x ,x ,x d ,D,n≡ ≡x . 

 

 
Fig. 3 - Tension-compression spring 

The problem may be formulated as 

 

2
0 3 1 2

3 4
1 2 3 1

2 3 4 2
2 2 1 2 2 1 1 1

2
3 1 2 3

4 1 2

1 2 3

( +2)

s.t.

1 (71785 ) 0

(4 ) [12566( )] 1 (5108 ) 1 0

1 140 45 0

( ) 1 5 1 0

0 05 2 0 25 1 3 2 15

min x x x

x x x

x x x x x x x

. x x x

x x .

. x , . x . , x

Ψ

Ψ

Ψ

Ψ

Ψ

≡

≡ − ≤

≡ − − + − ≤

≡ − ≤

≡ + − ≤

≤ ≤ ≤ ≤ ≤ ≤

  

The analytical solution for this problem is presented in the Annex B. The minimum weight of 

the spring is achieved as 0 0 012665232* .Ψ = , (0 051690 0 356740 11 287642)* . , . , .≡x . At the 

optimum, the constraints 1Ψ  and 2Ψ are active, and 3 4 054* .Ψ = − , 4 0 7277* .Ψ = − . 

The minimum objective function value obtained in (Arora, 1989) by nonlinear programming 
is 0 0 012679* .Ψ ≡  corresponding to the optimum point (0.051699 0 35695 11 2 9, 8 )* . , .≡x . 

The best result known so far by the authors is given in (Cagnina, 2008) at the design point 
0 3541(0 90.051 11 438675583, )* . , .≡x , at which corresponds 0 0 012665* .Ψ ≡ . 

The optimum results achieved with the present algorithm are shown in Table 3 for different 
sizes N of the population, 0 85.θ = , and plain average selection on Eq. (5). For all these 
solutions there is no violation of the constraints, being practically active the first two 
constraints 1Ψ  and 2Ψ . The last two constraints have values within the intervals 

34 08 4 04*. .Ψ− ≤ ≤ −  and 40 734 0 720*. .Ψ− ≤ ≤ − . 
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Table 3 - Tension-compression spring optimal solutions for IP = 0 

 Iterate 
1x   2x  3x  

0Ψ  
  N = 1000   10063 0.051718 0.357409 11.248693 0.012665 

N = 500 11690 0.051775 0.358778 11.169669 0.012666 
N = 200 24818 0.051308 0.347629 11.842695 0.012668 
N = 100 13899 0.052127 0.367321 10.694988 0.012671 

Again, the present algorithm results compare well with the analytical solution. 
 
Statistical Tests 

Thirty independent runs were performed for each of the problems described above. Table 4 
presents the mean and the standard deviation as well as the best solution obtained for each 
problem over these 30 runs. In the table are also indicated the population sizes used for the 
various problems. Other parameters used in these runs are 0IP =  and 0 85.θ = . 
 

Table 4 - Mean, standard deviation and best values for the results 

Problem Mean Standard 
Deviation 

Best 
Objective 

Design Variables for the Best Objective 
       x1                 x2                 x3                 x4 

Welded Beam 
N = 1000  

1.724866 7.61E-06 1.724852 0.205730 3.470484 9.036630 0.205730 

Press. Vessel 
N = 1000 

6,060.391 6.55E-01 6,059.763 0.81250 0.43750 42.09809 176.64127 

Spring 
N = 1000 

0.012666 7.65E-07 0.012665 0.051718 0.357409 11.248693  

 

CONCLUDING REMARKS 

This article presents an average concept algorithm to solve various optimization problems 
which include structural engineering test design constrained problems. To evaluate the 
performance of the present algorithm, numerical applications are conducted and the results are 
compared to the results obtained analytically and/or to the best ones achieved by other 
optimization methods. The analytical solutions for two of the constrained problems, namely 
the pressure vessel design and the tension-compression spring design problems, are 
determined in Annexes A and B of the present article. The solutions found by the proposed 
algorithm compare well with those results. We may conclude that the algorithm finds the 
global solution or a near-global solution in each problem tested. Characterizing the principal 
advantage of the algorithm one should emphasize the good balance between the accuracy of 
the solutions it achieves and its rare simplicity. 
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ANNEX A: PRESSURE VESSEL CLASSICAL OPTIMUM DESIGN  

Let us assume initially the variables 1x  and 2x  are continuous and later on make the 

convenient correction to table (multiple of 0. 0675) values. 
The cost function 0Ψ  decreases monotonically with 1x  or 2x decrease. The constraint 1Ψ  is 

the only constraint that increases as 1x  decreases, and the constraint 2Ψ  is the only constraint 

that increases as 2x  decreases. Then, 1Ψ  and 2Ψ  provide respectively lower bounds for 1x  

and 2x , and these variables may be minimized out as 

 1 3 2 30 0193 0 00954x . x , x . x= =  (A.1)  

Substituting these relationships into the original problem, we have 

 

2 3
0 3 4 3

2 3
3 3 4 3 3 4

0 01319166 0 024353275

1296000 ( 4 3) 0 10 200

min . x x . x

s.t.

x x x , x ,x

Ψ

Ψ π π

≡ +

≡ − − ≤ ≤ ≤
  (A.2) 

where the upper bars on the cost and constraint symbols mean we are determining by now the 
solution for all variables continuous. The Lagrangian function for this problem is 

 0 3 3 3 3 3 3 4 4 4 4( 10) + ( 200) ( 10) + ( 200)L x x x xΨ λΨ µ µ µ µ− + − += + − − − − − −   (A.3) 

where 3 3 3 4 4, , , ,λ µ µ µ µ− + − +  are the Lagrange multipliers for the constraint 3Ψ and side 

constraints. The necessary (Karush-Kuhn-Tucker) conditions for the problem (A.2) may now 
be set as 

2 2
3 3 4 3 3 3 4 3 3 3

2 2
4 3 3 3 4 4

(2)(0.01319166) (3)(0.024353275) 2 ( 2 ) 0

0.01319166 0

L x x x x x x x

L x x x

λ π µ µ

λ π µ µ

− +

− +

∂ ∂ ≡ + − + − + =

∂ ∂ ≡ − − + =
  

2 3
3 3 3 3 4 3

3 3 3 4 4

2 3
3 3 4 3

3 4

(1296000 ( 4 3) ) 0

( 10) 0 ( 200) 0; 3 4

0

1296000 ( 4 3) 0

10 200

k k k k

x x x

x , x k ,

, , , ,

x x x

x ,x

λΨ λ π π

µ µ

λ µ µ µ µ

Ψ π π

− +

− + − +

≡ − − =

− = − = =

≥

≡ − − ≤

≤ ≤

 (A.4) 

Let us now search the different combinations of Lagrange multipliers: 
1. 3 4 3 4 30 0 10 1288669 6 0 (violated), x x , .µ µ Ψ− −> > ⇒ = = = >  

3 4 3 4 30 0 10 200 1228979 4 0 (violated), x , x , .µ µ Ψ− +> > ⇒ = = = >   

Then, whatever the value of 3λ , must have 3 0µ− =  

2. 3 0λ =  

2.1 3 30 0µ µ− += ⇒ <  (from the 1st condition, then violating the 5th one) 

2.2 4 40 0µ µ− += ⇒ <  (from the 2nd condition, then violating the 5th one) 

3. 2
3 3 4 3 30 0 1296000 ( ) ( 4 3)x x xλ Ψ π> ⇒ = ∴ = −   
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3.1 3 4 4 30 0 01319166.µ µ µ λ π+ − += = = ⇒ =  (from the 2nd condition) 

      3   0x⇒ = (after substituting 4x and 3λ  into the 1st one) 

3.2 3 4 4 40 0 0 200, , xµ µ µ+ − += = > ⇒ =  (from the 4th conditions) 

        2 3
3 4 3 31296000 ( 4 3) 0 40 3196187244x x x x .π π− − = ⇒ =  

2 2
3 3 4 3 3 4 3[(2)(0.01319166) +(3)(0.024353275) ] [2 ( 2 )]

0 004663057579 0

x x x x x x

.

λ π= +

= >
 

           2 2
4 3 3 30 01319166 2 369851195 0x . x .µ π λ+ = − = >   

 All the optimality necessary conditions are satisfied, then  

 1 3 2 3

3 4

0 0193 0 778168646 0 00954 0 384649165

40 3196187244 200

x . x . , x . x . ,

x . , x

= = = =

= =
  

   is candidate local optimum point for the assumed continuous variables. 

 3.3  3 4 4 40 0 0 10 from the 4th conditions,, , xµ µ µ+ − += > = ⇒ =  

     2 3
3 4 3 31296000 ( 4 3) 0 65 2252326139x x x x .π π− − = ⇒ =  

      
2 2

3 3 4 3 3 4 3[(2)(0.01319166) +(3)(0.024353275) ] [2 ( 2 )]

0 005698937505 0

x x x x x x

.

λ π= +

= >
  

          2 2
4 3 3 30 01319166 20 04674872 0. x x .µ π λ− = − = − <  (violates 5th condition) 

3.4 3 4 4 3 40 0 200 256 3534264 0, x x .µ µ µ+ − +> = = ⇒ = ⇒ = − <  

3.5 3 4 4 3 40 0 0 200 200, , x , xµ µ µ+ − +> = > ⇒ = =  

               3 57347062 87 0.Ψ⇒ = − ≠  (contradicts point 3:  3 0Ψ = ) 

3.6 3 4 4 3 40 0 0 200 10, , x , xµ µ µ+ − +> > = ⇒ = =  

               3 33470958 7 0.Ψ⇒ = − ≠  (contradicts point 3:  3 0Ψ = ) 

Testing now the second-order sufficient conditions for the only point 1 2 3 4( , , , )x x x x≡x , 

determined in 3.3, satisfying the necessary conditions, one may use the so-called bordered 
Hessian (Luenberger, 1984) calculated at that point: 

3 3 3 4

2 2 2
3 4 3 3 3 3 4

2 2 2
3 4 3 4 4

0

( )

0 71095 91969 5107 198124

71095 91969 232 2341915 0 117553254

5107 198124 0 117553254 0

x x

x ,x x L x L x x

x L x x L x

. .

. . .

. .

Ψ Ψ
Ψ
Ψ

∂ ∂ ∂ ∂ 
 ≡ ∂ ∂ ∂ ∂ ∂ ∂ ∂ 
 ∂ ∂ ∂ ∂ ∂ ∂ ∂ 

− − 
 = − − 
 − − 

B

  

 As n m−  for the problem (A.2) is 2 1 1− =  one has to calculate the last principal minor det B

. Since its value is negative, its sign is coincident with ( 1) ( 1)msign sign− = − . Hence, the 
Hessian of L is positive-definite and the point x  is a minimum point. 
Now, rounding up the values of 1x  and 2x to the table values, we have  

 1 20 8125 0 4375* *x . , x .= =   

then determine the other two variables as 
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 3 {0 8125 0 0193,0 4375 0 00954}= 42.0984456*x min . . . .=   

from the two first constraints 3 30 8125 0 0193 0 4375 0 00954x . . , x . .≤ ≤ , i.e., the constraint 1Ψ  

is active at the optimum, and  

 4 176 6365958*x .=   

from the condition of 2
3 4 3 30 1296000 ( ) ( 4 3)x x xΨ π= ∴ = − . 

Therefore, the analytical optimum point for the pressure vessel design problem is 
 (0 8125 0 4375 42.0984456 176 6365958)* . , . , , .=x   

giving the minimum optimum cost 0 6059 714335* .Ψ = . At the optimum, the constraints have 

the values 1 3 0* *Ψ Ψ= =  and 2 0 082013323* .Ψ = − . 
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ANNEX B: TENSION-COMPRESSION SPRING CLASSICAL OPTIMUM DESIGN  

Again, let us firstly to analyze the monotonicity of the problem (Papalambros, 1988). One 
should observe the constraint 1Ψ  is critical with respect to the design variable 3x . The cost 

function 0Ψ  increases monotonically in the variable 3x , and there is exactly one constraint, 

the constraint 1Ψ , whose monotonicity with respect to 3x is opposite from that of the 

objective. Then, 1Ψ  is active and bounds 3x  from below: 

 4 3
3 1 271785x x x=   (B.1) 

Substituting the relationship (B.1) into the objective function and into the constraint 3Ψ we get 

 
2 6 2

0 1 2 1 2

3
3 2 1

2 71785

1 0 001956536881 0

x x x x

. x x

Ψ

Ψ

= +

≡ − ≤
  (B.2) 

Substituting the lower and upper bounds of 2x  into the constraint 3Ψ  we have that

1 1(0 25) 0.078790891, (1 3) 0.136503503x . x .≤ ≤ ; then the range of the design variable 1x  can 

be set up as 

 10 05 0 136503503. x .≤ ≤   

If one uses now the upper bounds of 1x  and 2x  in the constraint 4Ψ , 0 136503503 1 3 1 5. . .+ ≤ , 

it is obvious that this constraint is always inactive, not playing any role into the optimization 
problem. 

Studying now the monotonicity of the objective expressed in (B.2) with respect to the design 
variable 2x , the minimum of 0Ψ  is given as 

 2 6 5 43
0 2 1 1 2 2 12 (2)(71785) 0 71785x x x x x xΨ∂ ∂ ≡ − = ∴ =   

since 2 2 6 4
0 2 1 2(6)(71785) 0x x xΨ∂ ∂ ≡ > .  Thus, 0Ψ  decreases monotonically in 2x  increase 

for 43
2 10 25 71785. x x≤ ≤  and increases monotonically in 2x  increase for 

43
1 271785 1 3x x .≤ ≤ . For example, within the range 43

2 10 25 71785. x x≤ ≤ , the function 0Ψ  

decreases in the variable 2x  increase, achieving the minimum at 2 0 765545910x .=  for a 

prescribed 1 0 05x .= , and increases the value of the minimum point at 2x  as 1x  increases. For 

1 0 074378786x .≥  the function 0Ψ  is a decreasing function all along the feasible domain of 

2x , 20 25 1 3. x .≤ ≤ . 

The constraint 2Ψ  may be expressed as 

 2 2
2 1 2 1 14 ( 1) 0 2 460062647 12566x C x x Cx , C . x+ − − ≤ = −   
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This constraint increases monotonically in 2x  increase; then its monotonicity with respect to 

2x  is opposite from that of 0Ψ  for 43
2 10 25 71785. x x≤ ≤  and the constraint 2Ψ  is critical 

providing an upper bound for 2x : 

 2
2 1( 8)(1 +14 1)x x C C C= − + +   

The reduced problem may now be expressed as 

 

2 6 2
0 1 2 1 2

2
2 1

1 2

2 71785

( 8)(1 +14 1)

0 05 0 136503503 0 25 1 3

min x x x x

s.t.

x x C C C

. x . , . x .

Ψ ≡ +

= − + +

≤ ≤ ≤ ≤

  (B.3) 

The optimum point can be determined easily by using a unidimensional search in 1x , with the 

active constraint 2Ψ  determining 2x . The variable 3x is calculated by using the relationship 

(B.1) after solving the problem (B.3). 

The optimum value of the objective function is obtained as 0 0 012665232* .Ψ =  at the point  

(0 051690 0 356740328 11 28764160)* . , . , .≡x . At the optimum, the constraints have the values 

1 2 3 40 4 05383024 0 727713114* * * *, . , .Ψ Ψ Ψ Ψ= = = − = − . 
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ABSTRACT 

This article presents a mathematical model to support the decision making process related to 
the planning of capacity and operation of hybrid electrical energy systems. The model was 
developed considering case studies of small villages, in rural areas in Angola. Depending of 
the local conditions, the system considers the following sources: photovoltaic, wind, thermal 
and mini hydro. The minimum production capacity in each locality was assessed and the load 
duration curve was also evaluated. For each type of generation, the costs of construction and 
operation were estimated. The optimisation problem is solved as a multi-stage stochastic 
programming problem, in which the levels of the load duration curve are treated as random 
variables. The goal is to select the hybrid combination that minimizes the total cost of energy. 
The results showed that the consideration of uncertainty in the formulation is crucial for the 
decision process. The results presented show that the use of natural resources, namely 
hydropower, has economic advantages even when energy needs are lower than the available 
potential of generation. We also found that the possibility of energy transfer between villages 
reinforces the advantages of this solution. 

Keywords: energy, management; hybrid, optimisation, uncertainty. 

 

INTRODUCTION 

The chronic energy shortage of rural populations, which occurs in many developing countries, 
has led to the degradation of forests due to the use of their resources as fuel. On the other 
hand, in recent years, different means of production and energy storage, of flexible use, have 
been developed using renewable energy systems (Nema et al., 2009). 

These systems are called autonomous hybrid systems since they operate without connection to 
a neighbour network and combine different components of energy production. In their 
composition we can find production units, such as mini-hydro units, photovoltaic cells, wind 
turbines and thermal generators. Hybrid systems might include also components of energy 
storage, such as batteries, and hydrogen production facilities; and elements for the recovery of 
stored energy, such as fuel cells, generators and fuel gas facilities. 

The aim of this work is to contribute to the development of procedures to assist in making 
decisions, associated with the composition and operation of autonomous hybrid systems. 
Through the application of the developed model to a case study, we also present results that 
allow illustrating the economic implications of the solutions that are technically feasible, thus 
contributing to further clarification of the decision makers involved in this matter. 
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Mathematical models for the study of autonomous hybrid systems are particularly important 
under the conditions that characterize the situation of developing countries, particularly the 
climatic conditions, the low level of technological development, and the lack of basic 
infrastructures. These systems offer a reasonable compromise between the investment costs 
and the operating costs, and on many circumstances, particularly in small villages in rural 
villages, are the most viable alternative to meet the energy needs of the populations 
(Gutiérrez, 1992; Shaahid and Elhadidy, 2003). 

In order to analyse the energy needs of small villages, studies were developed in Angola, in 
the municipal headquarters of Muxiluando and Ambriz, Bengo province, and in the municipal 
headquarters of Tombwa, province of Namibe. The objective is to size the components of 
energy production of autonomous hybrid systems considering photovoltaic, thermal, mini-
hydro and wind alternatives, that minimize the investment and operating costs, taking into 
account the local needs, the technological environment and the weather and water conditions. 
The choice of the localities accounted for the proximity of small waterfalls that will serve for 
the construction of mini-hydro and/or localities with average wind speed exceeding 5 m/s. 

Currently the studied localities are supplied by electricity locally thermal generated. The 
solutions studied aim to meet the current demand, and adapt the technologies and their 
economic, social and environmental impacts for sustainable development. Accordingly, we 
also consider the possibility of the growing of energy needs, thus resulting in the need of 
using optimisation tools that take into account uncertainty. 

There are several alternatives to formulate and solve the problem used to define the optimum 
composition of the hybrid system. These problems differ essentially with regard to the 
consideration, or not, of uncertainty and the consideration of one or more objectives. The 
simplest models are usually based on the minimization of the cost and do not consider the 
uncertainty (Patil et al., 2010; Chedid and Rahman, 1997). The multi-objective models 
(Fadaee and Radzi, 2012) are used when it is desired to complement the economic analysis 
with the environmental impact. A stochastic approach is generally used to introduce the effect 
of the uncertainty in the analysis and, if the uncertainty is related to the future demand it is 
obtained, generally, a stochastic programming problem in two stages with recourse (Cabral et 
al., 2010). 

In this study, the formulated optimisation problem is a multi-stage stochastic programming 
problem on the generation capacity and the power requirements of the different sources, 
which objective criterion is the equivalent investment costs plus the operating costs, subjected 
to constraints on the capacity of the power plants and on the available power, taking into 
account the uncertainty associated with the temporal evolution of the energy needs. The 
formulation presented also considers the possibility of energy transfer between nearby 
localities. 

 

CAPACITY PLANNING 

The decisions concerning the capacity planning of electricity generation have to account the 
current needs and constraints, but also their future developments, generally in a long time 
horizon with high uncertainty. 

There are several types of uncertainty influencing the optimal decisions that must be taken in 
the first step, as for example the technological development of production systems and their 
impact on investment and operating costs, changes in demand and economic development, 
and the capability to promote and implement changes if necessary. 
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Therefore, in light of future developments, solutions that do not take into account potential 
risks of transforming decisions initially considered optimal in decisions with unnecessary 
costs for taxpayers, may have negative implications on the economic development and 
welfare of the population. These factors amplify the importance of developing strategies to 
minimize the risk with respect to a variety of future events in which the costs are explicitly 
considered. 

The results presented in this study were supported by three real-world case studies involving 
the villages of Ambriz, Muxiluando and Tombwa. Yet, in this article, only the case of Ambriz 
is treated, since it is the one that has conditions for serving other locations, leading to a more 
general mathematical modelling. 

In the first phase of this study were assessed the current minimum production capacity and the 
local energy needs for the current conditions. Following the guidelines in (Beggs, 2009), the 
evaluation was performed by considering the consumption of households, and public and 
social services. A consumption of 13.2 MWh/day and a necessary power of 2.1 MW were 
estimated. Taking also in account cultural habits, the load duration curve (LDC) was 
constructed. The daily consumption was divided in three periods of different rates of 
consumption, leading to the LDC that is represented graphically in Fig. 1 

 
Fig. 1 - Distribution of the energy needs for a daily cycle, for the current  

levels of consumption in the village of Ambriz  
 

where the vector of average power levels is: 

 { }0.25,0.5,2.0L =  MW (1) 

and the vector of time intervals, given as a percentage of the day in which the loads are 
exceeded, is: 

 { }100, 50,12.5T =  (2) 

The next step was to decide the main alternatives for energy generation. Due to the proximity 
of water falls and a weak wind speed, we consider three different alternatives for energy 
production to be implemented together or separately: thermal, hydro and photovoltaic 
production. 

For each alternative source, costs of construction and operation were estimated. The cost 
structure was decomposed considering fixed and variable components and, taking into 
account the service life of the equipment, and the opportunity cost of capital, the equivalent 
annual cost of each alternative was evaluated. 

With regard to thermal production (equipment and installation), generators of 600 kW are 
available. Each generator has a cost of about 285 kUSD and a useful life of 10 years. In terms 
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of hydro production, taking into account the flow rate and the height of fall of water, it is 
considered the construction of a small dam with a capacity of 7 MW. The estimated cost for 
this project is 23415 kUSD and the lifetime is considered infinite (i.e. more than 100 years). 
Regarding solar energy, 300 kW modules are available, costing 1338 kUSD and have a 
service life of 20 years. 

The optimal strategy for the satisfaction of energy needs is determined solving an 
optimization problem, which goal is to select the hybrid combination of energy sources that 
minimizes the total cost of energy generation. To formulate this problem, equivalent 
investment costs in the same time base are evaluated. These costs represent an equivalent rent 
that tax payers would have to pay to an independent investor who decided to build and rent 
the infrastructure. This rent is equivalent to a fixed cost to be added to the fixed costs related 
to operating the system. 

Relatively to the operating fixed costs, we consider essentially maintenance costs, direct labor 
costs, and transportation costs. Based on the needs for each type of generation, we obtained 
the following results: 20.1 kUSD a year per generator for thermal production; 53.03 kUSD a 
year per module for photovoltaic production; and 1078.7 kUSD a year for hydro production. 

To evaluate the equivalent investment annual cost, we assume that the present value of the 
rents to pay the investor equals the value of the investment (Richard and Stewart, 2000). 
Accordingly, the discount rate is the opportunity cost of capital for investments of equal risk 
level. Since the rents would be guaranteed by the Angolan state, the appropriate cost of 
capital will be approximately 3% per year, which corresponds to the yield on long-term bonds 
issued in dollars by the Angolan state. 

Adding the equivalent investment annual cost, to the fixed operating costs, leads to the annual 
fixed cost that covers the financial and operational components. Dividing this value by 365 
days and the production capacity of each unit, a (daily) equivalent acquisition cost per unit of 
capacity is obtained. 

However, the procedure to evaluate the total fixed cost has to distinguish two situations: the 
permanent introduction of capacity, with replacement of equipment at the end of the 
economic life, and the single introduction, without renewal. The permanent introduction of 
capacity is considered in the penultimate stage in the multi-stage modeling, and in the 
underlying deterministic LP model. 

In the case of permanent introduction of capacity the equivalent annual cost is obtained from 
the expression: 

 
( )1 1

n

I CF CA
I

r rr
+ + =

+ −
 (3) 

where I is the investment, CF is the annual operating cost, CA is the total annual fixed cost, r 
is the opportunity cost of capital, and n is the economic life of the investment. 

In the case of single introduction of capacity, without renewal, the equivalent annual cost is 
obtained from the expression: 

 
( )

1
1

1
n

CF CA
I

r rr

 
+ − = 

 + 
 (4) 
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Without loss of generality, we assume the possibility of single investments, for all 
technologies, for the period of 10 years, which also corresponds to the time interval adopted 
between stages. 

In practice, in the case of solar energy production, that assumption corresponds to assume that 
the rental contract can be cancelled in the middle of the economic life of the units, without 
cost. In this case, we consider as investment, the value of the equivalent provision if the 
payment is made in two equal installments, one at the beginning and another half life. 

Relatively to hydropower, since it can not be discontinued, that assumption corresponds to 
assume that we consider the cost of introducing it in the penultimate stage and then we 
account for the anticipation of its introductions in early stages. In this case, we consider as 
investment, the value of the equivalent provision if the payment is made in constant 
installments every 10 years. 

Using the indices 1, 2 and 3 to designate respectively the means of production thermal, 
hydropower and photovoltaic, the vectors of equivalent acquisition cost per unit of capacity 
are: 

 { }0.2443, 0.6971,1.3056cr =  
$

kW day
 (5) 

 { }0.0625, 0.1784, 0.3341cs =
$

kW day
 (6) 

the vector cr applies to investments with replacements in the end of the economic life, and cs 
is for single investments. 

The variable costs are the opportunity costs of the resources used to produce an additional 
unit of energy. In our case, we have to consider only the costs of production of thermal 
energy. To assess these costs we consider the calorific value of the fuel as 42.7 MJ/kg and the 
efficiency of the generators as 30% (Heywood, 1988). If the opportunity cost of fuel is 1 $/kg, 
since this cost is zero for the other means of production, we obtain the following vector of 
variable costs: 

 { }0.2812, 0,0f =  
$

kW h
 (7) 

In the underlying LP model the variable costs are considered constant from the first year of 
operation. In the multi-stage formulation we consider that they are constant between stages 
and constant forever from the year following the penultimate stage. These costs are also 
introduced calculating, if appropriate, their equivalent perpetuity. 

 

UNCERTAINTY CHARACTERIZATION 

The stochastic parameters considered in the multi-stage model are the three levels of the 
LDC. Considering that they are perfectly correlated, the LDC can be set from the maximum 
level of power. Thus, we consider that the future evolution of power needs can be described 
by a generalized Wiener process. Adopting a normal distribution at every stage, the evolution 
of power requirements can be described from the following stochastic differential equation: 

 ( )dU t,W dt dW= µ +σ  (8) 
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where U represents the level of power needs, µ is the expected rate of change of U, σ2 is its 
variance per unit of time, W represents a Brownian motion, and t is the time. The parameters 
of this differential equation are evaluated imposing the distribution of long-term power 
requirements (in 30 years). Thus we adopt, as reference, a distribution with an expected value 
of 02U , and a variance of 2

02 / 3U , being 0U  the current level of power requirements. This 

distribution is consistent with the forecasts of growing energy needs worldwide, and with the 
expected increase, above average, in energy needs in Angola, in the coming decades (USEIA, 
2011). 

Due to the multivariate nature of the optimisation problem, integrations involving the 
distribution of power requirements are in general impracticable. However this limitation may 
be overcome adopting a methodology that makes possible to substitute the continuous 
distribution by a discrete distribution with identical first and second moments. 

To obtain the discrete distribution the temporal evolution of U was simulated using trinomial 
movements (Hull, 1993) in a uniform grid that is obtained by discretizing the time and the 
power. 

To the first node, which represents the current conditions, is assigned a probability of one. 
From each node, at stage τ and state s (see table 1) with power level sUτ , where τ and s are the 

indexes of the time and power coordinates, respectively, we consider three possibilities of 
evolution for the next stage: one for the central node 1

s

mU Uτ += , one of rising 1
1

s

uU Uτ
+
+=  and 

another of declining 1
1

s

dU Uτ
−
+= . The evolution probabilities for these states are obtained from 

the following expressions (Barreiros, 2005): 

 
2 2

22 2u

t
P

U U

σ ∆ +η η
= +

∆ ∆
 (9) 

 
2 2

2
1m

t
P

U

σ ∆ +η
= −

∆
 (10) 

 
2 2

22 2d

t
P

U U

σ ∆ +η η
= −

∆ ∆
 (11) 

where t∆  and U∆ are the discretization parameters of time and power, and η represents the 
deviation from the central node relative to the expected value, that is 1

s st U Uτ τη µ += ∆ + − . 

The probabilities of occurrence of the nodes (states) of each stage are obtained from the 
following recurrence relation (Barreiros and Cardoso, 2008): 

 1 1
1 1 1

s s s s

u m dP P P P P P P− +
τ τ− τ− τ−= + +  (12) 

Without loss of generality, in this study we consider a network of U with three time steps, 
with the final central value equal to 4400 kW and the parameters U∆  and t∆  equal to 1200 
kW and 10 years, respectively. Table 1 shows the trinomial tree, obtained with these 
assumptions, showing the power values and the probabilities, for the time evolution of the 
energy needs for the village of Ambriz. 
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Table 1 - Trinomial tree of the power needs for the village of Ambriz 

 

 

 

MODELLING APPROACHES 

Before the formulation of the optimisation problem, let’s consider the assumption of no 
combination of the production systems. In this case, the most economically advantageous 
solution can be evaluated directly by comparing the total cost for the different alternatives, 
with or without the use of excess capacity. 

If it is not possible to take advantage of excess capacity, the available alternatives correspond 
to acquire the minimum required capacity and the best solution depends on the maximum 
power and the daily energy consumed. A photovoltaic power plant may be the best alternative 
for the actual scenario, with a daily cost of 2742 USD, against the cost for thermal production 
of 4382 USD, and the cost of hydro production of 4880 USD. However, if the consumption 
duplicates, the mini-hydro plant should be the best solution keeping the daily cost equal to 
4880 USD. 

To account for the benefits of overcapacity, particularly in water production, we have to 
introduce a price of energy transfer to other locations. In this case, the maximum allowance is 
the fuel savings induced in neighbouring towns, which only alternative is the thermal 
production. However, to evaluate a sale price to other localities, we should consider that not 
all the energy transferred is received by potential customers. Additionally, the means of 
production themselves are already installed, so it will be convenient to provide incentives to 
not use them. So, in order to determine the benchmark selling price EP  of the kWh produced 

to other localities, we introduce two additional parameters: the transfer efficiency and the 
incentive factor of not using thermal production. Considering both of these factors equal to 
0.75, we get 0.158EP = 2 $/kWh. 

Now, to evaluate the possibility of combining two or more sources of energy we consider also 
the possibility of receiving energy from other systems, being DP  the benchmark acquisition 

unit price of thermal energy from nearby localities. Considering the same transfer efficiency 
and assuming a profit margin of the producer equal to 0.25 we get 0.4686DP =  $/kWh. 

   2000     
τ 0 

   1     

  1600 2800 4000    
 1 

  0.3704 0.3703 0.2593    

 1200 2400 3600 4800 6000   
 2 

 0.1372 0.2743 0.3292 0.1921 0.0672   

800 2000 3200 4400 5600 6800 8000  
 3 

0.0508 0.1524 0.2591 0.2642 0.1814 0.0747 0.0174  

 s -3 -2 -1 0 1 2 3  
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The underlying deterministic LP model 

The LDC of the Fig. 1 shows the distribution of the energy needs for a daily cycle, 
considering the current levels of consumption. In practice, the consumption and its daily 
distribution are time varying and are subject to uncertainty. Then, the optimisation problem 
should be solved as a stochastic programming problem, in which the levels of the load 
duration curve are treated as random variables. 

An approximate solution can be obtained by ignoring the uncertainty and using the expected 
values of the LDC levels for a distant horizon. In the formulation of this problem are involved 
the decision variables, the constraints, and the objective function of the stochastic problem. 

So, in the optimisation problem, we can identify two types of variables: variables related to 
the system definition, and variables related to the operational planning. The decision variables 
of the first type, 

jx , are the generation of capacity (in kW) of type j. The decision variables of 

the second type, 
ijy , represent the power requirements of the segment i served by generator j. 

As the capacity of the plants varies only by constant increments, we also introduce auxiliary 
variables, 

jz , as the number of production units of type j. To perform the operational plan 

(i.e. the allocation of powers of generators to the required power levels) the segments of 
power, iw , are still defined, as well as the corresponding time intervals, iβ , on the adopted 

daily basis. Then, the underlying deterministic LP problem can be formulated as: 

 ( )T j j j i ij D i i E j j

j i j i j

Min C cr x f y P d P f Eβ β= + + − −∑ ∑∑ ∑ ∑  (13) 

 s.t. 

 1 0,i ij j j

i

y E x j Jβ β+ − = ∀ ∈∑  

 0,ij j j

i

y q x j J+ − = ∀ ∈∑  

 ,ij i i

j

y d w i I+ = ∀ ∈∑  

 0,j j jx Q z j J− = ∀ ∈  

 
j u

j

x Q≤∑  

 , , , , 0 , , ,j ij j i j jx y q d E z i I j J≥ ∈ ∀ ∈ ∀ ∈�  

The terms of the objective function represent respectively the total fixed costs, the operating 
costs, the acquisition costs of energy from other locations, and the contribution margin of 
sales. 

The first set of constraints results from the balance between the energy available from the 
system, the power supplied to the segments of power, and the energy available to transfer to 
the exterior, 

jE . The second set of constraints limits the available power of the medium j at 

its nominal power. The third set of constraints requires that each segment of power receives 
the necessary energy using, if necessary, the external source, id . The fourth set restricts the 

capacity to be installed by constant increments, that is: ( )600,7000,300Q =  kW for the case 

of Ambriz, being 
jQ  the power of the unit of source j. The parameter uQ  is the upper limit of 

the total power to install, which was set to 9000 kW. 
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The multi-stage stochastic model 

The linear programming model presented above calculates the optimal investment plan, and 
the operational strategies, for the deterministic problem of capacity setup. With perfect 
information, this solution represents a lower bound of the present value of the costs for a 
given scenario. However, omitting the uncertainty of the random factors can lead to solutions 
of limited utility. Moreover, the stochastic programming approach provides optimised 
solutions that take into account the possibilities of realization of the random variables, in 
particular, considering specific strategies to adapt to these realizations. 

The stochastic problem, which is obtained from the deterministic problem by incorporating 
the uncertainty related with the future evolution of the energy needs, is a decision problem 
with four stages, where the planning decisions of the system are considered in the first three 
stages, and the operational decisions are evaluated in the three last stages. 

The objective is to minimize the expected value of the total annual cost over the planning 
horizon: 

 ( )1 1
1

1
j j j i ij D i i E j j

j i j i j

Min E c x f y P d P f Eτ τ τ τ τ
τ τ

τ

γ α β β− −
−

≥

   
+ + − −  

   
∑ ∑ ∑∑ ∑ ∑  (14) 

 s.t. 

 1
1 0, , 1i ij j j

i

y E x j Jτ τ τβ β τ−+ − = ∀ ∈ ∀ ≥∑  

 1 0, , 1ij j j

i

y q x j Jτ τ τ τ−+ − = ∀ ∈ ∀ ≥∑  

 , , 1ij i i

j

y d w i Iτ τ τ τ+ = ∀ ∈ ∀ ≥∑  

 1 1 0, , 1j j jx Q z j Jτ τ τ− −− = ∀ ∈ ∀ ≥  

 1 , 1j u

j

x Qτ τ− ≤ ∀ ≥∑  

 , , , , 0 , , , , 0j ij j i j jx y q d E z i I j Jτ τ τ τ τ τ τ≥ ∈ ∀ ∈ ∀ ∈ ∀ ≥�  

Where ( )1
n

r
τ

τγ
−

= +  is the discount factor from the time of stage τ (n is the number of years 

between two consecutive stages), τα  is a factor that relates the PV of the annuity and the PV 

of the perpetuity: ( )1 1
n

rτα −
= − +  if 1 Tτ τ≤ <  and 1τα =  if Tτ τ=  ( Tτ signifies the last 

stage). The equivalent acquisition cost per unit of capacity is defined as j jc csτ =  if 

0 1Tτ τ≤ < −  and j jc crτ =  if 1Tτ τ= − . 

To clarify the significance of this problem, we illustrate below, the sequence of calculations. 
In what follows we omit the set of restrictions and use the symbol [ ] ( )1,..,U U Uττ ≡  to 

designate the history of the demand process in periods 1,..,τ . 

In each period ( 0 1Tτ τ≤ ≤ − ) the definition of capacity depends on the available information, 

i.e. an observed realization [ ]u τ  of the search process, and not on future observations. Thus, 

starting from the last stage, we need to evaluate the set of contributions for the total cost 

( )1 1 1,
T T T

Q x uτ τ τ− − − , which is defined by: 
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 ( )1 1
1

T T T T T

T Tj j j i ij D i i E j j

j i j i j

Min c x E f y P d P f Eτ τ τ τ τ
τ τγ α β β− −

−

   
+ + − −  

   
∑ ∑∑ ∑ ∑  (15) 

Since the random process of U follows the Markov property, the expectation in the above 
equation is conditional only to 1 1U uτ τ− −= . Therefore, considering that we have the discrete 

representations of [ ]1T
U τ − , it depends only on the three possibilities of evolution from 1uτ − , and 

it is evaluated considering the three elementary probabilities defined by equations (9), (10) 
and (11). Additionally, as the discrete representation of 1T

Uτ −  is represented by 2 1Tτ −  states, 

the expected value of the contributions for the total cost is evaluated from: 

 ( ) ( ) ( ) ( )
1

1 1 1 1 1 1 1 1
1

, 1, ,
T

T T T T T T T T

T

s

T

s

Q x E Q x u P s Q x u
τ

τ τ τ τ τ τ τ τ
τ

τ
= −

− − − − − − − −
=− +

 = = −  ∑  (16) 

where ( )1,TP sτ −  represents the probability of 1 1U uτ τ− −= .And, this procedure is applied to 

all stages, backward to 1τ = . 

It matters also to mention some details related to the numerical procedure of the optimal 
search. First, we note defining the availability of hydroelectric generation. The introduction of 
the dam was tested in the penultimate stage, from each state. That is, if introduced into the 
state s, it is also introduced in all states with index higher than s. Then, adopting the same 
procedure, the anticipation of its introduction is tested in previous stages. In these 
circumstances, in each state of each stage are tested complementarities with different 
combinations of the other means of production. 

 

RESULTS 

The solution of the problem depends on the assumptions that we introduce, which are related 
with various parameters whose values are not known accurately. In this process, we highlight 
the parameters related to the evolution of energy demand, and the possibility of utilization of 
the energy surplus. Indeed there are other uncertain parameters that also influence the best 
decision, such as the development of technology acquisition costs. However, regarding these, 
since we have no information to forecast their evolution, we decided to consider them 
constant. Thus we analyse cases with, and without, uncertainty and with, and without, 
transference of energy to other locations. 

Thus, considering the doubling of the long-term energy needs, if we don’t consider the 
transfer of energy to other locations, and if we use the underlying deterministic LP model, we 
get, as most advantageous solution, a combination of thermal and photovoltaic generation: 

[ ]3000, 0,1200x =  kW with 4662TC =  USD/day, being 49.3% related with total fixed costs. 

In this case the first two levels of the LDC would be met by the photovoltaic production, 

13 23 500y y= = kW, and the third one by both types of production, thermal 31 2800y =  kW 

and photovoltaic 33 200y =  kW. 

Nevertheless, in these conditions, the total daily cost for the solution corresponding to the 
mini-hydro only generation is slightly higher (about 5%). But if the exchanges with other 
locations are feasible, and if it is possible to cede a small part of the energy surplus (e.g. 5%) 
the decision falls on the dam, with a total fixed cost of 3765 USD/day, where 4880 USD/day 
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are related to the investment and 1115 USD/day are revenues from concessions to other 
locations. 

This analysis shows that if the decision has to be taken immediately, the definition of the use 
of the surplus energy has a decisive influence. But, ideally the decisions related to this type of 
problem should be influenced by the ability to change the configuration of the energy 
production system according to the developments of the uncertain parameters. The results of 
the multi-stage model with uncertainty illustrate this possibility and also show that the 
utilization of part of the surplus energy influences the conditions of introduction of 
hydropower. 

If we don’t consider the exchange of energy between locations, the solution of the multi-stage 
model is characterized by an expected total fixed cost of 4085 USD/day, which corresponds 
to the investment decisions presented in the following table. 

 

Table 2 - Trinomial tree of the power needs for the village of Ambriz 

 

 

This solution stipulates that the best decision should be investing now in the thermal power 
(3000 kW) and in the photovoltaic (1200 kW). If after 10 years the evolution of the demand is 
very favourable then we should change for hydropower. Otherwise, and if the evolution is of 
growth in demand, according to the expected, or to a better evolution, the dam should be 
introduced in 20 years. 

The following table shows the results that allow the identification of the different components 
of the expected total cost of energy. The first line of each stage presents the component of 
total fixed costs. The second line concerns the variable operating costs, and the costs related 
to interactions with other locations. 

For example, given the probabilities shown in Table 1, we conclude that the contributions of 
the expected total fixed costs in the three stages will be 588.42, 565.35 and 2143.25 USD/day, 
respectively, which represents an expected cost of 3297 USD/day (about 81%). Similarly, the 
expected values of the operating costs, associated with the investments made in the first three 
stages, the variable costs, and the costs related to interactions with other locations, represent 
316.58, 198.30, and 273.14 USD/day, respectively, representing an expected cost of 788.03 
USD/day. 

  3000    
  0    τ 0 
  1200    
 2400 3600 0   
 0 0 7000    1 
 1200 1200 0   

2400 3000 0 0 1200  
0 0 7000 7000 7000   2 

900 1500 0 0 0  
 s -2 -1 0 1 2  
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Table 3 - Components of the total cost of the energy (USD/day) 

 

Moreover, the operating costs of 121.08 USD/day, associated with the second state of stage 2, 
can be explained as follows. The power installed on this node is 8200 kW, being 7000 for the 
hydro generation and 1200 for the thermal. According to the possibilities of evolution from 
this node, shown in Table 1, the future power needs can be 5600, 6800 and 8000 kW. In the 
first two scenarios the thermal energy is not necessary. In the third it will be necessary 1000 
kW for 3 hours per day. The estimated cost will be 843.60 USD/day. Considering the 
probability of occurrence of this scenario, i.e. 0.2593uP = , and that these costs are considered 

constant from the year following the installation of the means of production, we arrive to that 
value. 

If the exchanges with other locations are feasible, and if it is possible to cede 5% of the 
energy surplus, the expected total fixed cost is 3587 USD/day, and the investment policies are 
presented in table 4. 

 

Table 4 - Capacity decisions (kW) if 5% of surplus energy is transferred 

 

 

Comparatively to the previous solution, the best decision should be investing now in the 
thermal power but less (1800 kW), because it would compensate to acquiring energy from the 
exterior, if it is available and demand grows more than expected, and the same capacity of the 
photovoltaic (1200 kW). 

If after 10 years the evolution of the demand is according to expected, or better, the dam 
should be introduced. 

If it is possible to cede 10% of the energy surplus, the best solution corresponds to the 
immediate construction of the dam at a cost of 2613 USD/day which 4880 are investment-
related and 2267 USD/day are revenue assignments to other locations. 

  588.52    τ 0 
  316.58    
 410.00 465.83 929.21   

 1 
 171.32 364.06 0   

975.28 1490.18 2701.86 2701.86 2864.21  
 2 

468.75 731.66 0 0 121.08  
 s -2 -1 0 1 2  

 

  1800    
  0    τ 0 
  1200    
 1200 0 0   
 0 7000 7000    1 
 1200 0 0   

1200 0 0 0 0  
0 7000 7000 7000 7000   2 

900 0 0 0 0  
 s -2 -1 0 1 2  
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CONCLUSIONS 

The motivation for this work arose from the need to find sustainable solutions that contribute 
to minimizing the cost of energy needs of rural populations in developing countries. 

This paper presents a study on the optimisation of hybrid systems for generating electrical 
energy, including the following energy sources: photovoltaic, wind, hydro and thermal. The 
optimisation problem is formulated as a multi -stage stochastic programming problem on the 
generation capacity, and the power requirements of the different sources. 

This study was conducted with the support of three real case studies of Angola, which were 
developed in the villages of Ambriz, Muxiluando and Tombwa. Nevertheless, the conclusions 
presented are based on the results obtained for the case of the Village of Ambriz. The aim was 
to find the best solution for electricity generation seeking the exploitation of natural resources. 

One should note that the use of natural resources, namely hydropower, has economic 
advantages even when energy needs are lower than the potential of generation available. An 
important contribution to support this conclusion comes from the consideration of uncertainty 
regarding the future energy needs. We also found that the possibility of energy transfer among 
villages also reinforces the advantages of this solution. 
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ABSTRACT 

An approach for the optimization of composite structures, including uncertainties in 
mechanical properties and structural parameters, is proposed. The purpose is to estimate a 
response that is also a function of those uncertainties and seek robust and reliable structures. 
The principles of Reliability-based Robust Design Optimization (RBRDO) are applied. A 
PMA-based approach that allows avoiding the computational expensive second cycle of the 
reliability analysis is proposed. 

Keywords: uncertainty, robustness, reliability, RBRDO, optimization, composites. 

 

INTRODUCTION  

The introduction of uncertainty in a system has the purpose of estimating a response that is 
also a function of that uncertainty. The uncertainty is considered to be of the random-kind. 
This way, probability distributions may be assigned. A common and efficient way of doing so 
is to consider a new set of variables that may contain increment variables and/or totally new 
variables. Theses variables are called random variables and the original ones are denoted as 
design variables. Design variables may be random, too (Beyer, 2007). 

An optimal solution of # is denoted robust if its variability tends to a minimum. Robustness is 
introduced in the optimization problems by manipulation of objective (performance 
robustness) and/or constraints (feasibility robustness). It is common to consider, for each 
objective, two functions, such as expected value and variance, such that the original single-
optimization problem becomes a two-objective problem. The resultant multi-objective 
optimization problem is called Robust Design Optimization (RDO) (Beyer, 2007). 

Optimal solutions might be close to the limits of integrity of the systems, because the sought 
objective might oppose strength. So, under uncertainty, safety limits can be surpassed and the 
system, fail. Reliability is measured in terms of a probability of failure, $%, which is defined 
as the probability of a limit-state function, &, being negative. Cumulative probabilities are 
defined as integrals and require evaluations of physical models numerous times, in each cycle, 
to be estimated. The resultant optimization is a double-cycle problem and it is named 
Reliability-based Design Optimization (RBDO) (Valdebenito, 2010). 

 

DETERMINISTIC OPTIMIZATION PROBLEM 

In the field of structural optimization, the base problem, from which additional developments 
are introduced, is deterministic and may be written as follows 
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(1) 

 
where #' ∈ ) is one of the functions to optimize, named objective-functions, which compose 
the solution space	*�+, , = -+ ∈ ).	|	01�+ ≤ 0	 ∧ 	41�+ = 0	 ∧ 	5'6 	≤ 5' ≤ 5'78 is the 
design space, defined by the intersection of inequality, equality, and size constraints, 
respectively, and + is the vector of design variables. Problem (1) is said to be a multi-
objective optimization problem, since more than one objectives are expected to be optimized. 
Concepts of a multi-objective optimization will be addressed in a later section. In the present 
problem, only two inequality constraints will be considered: one constraint for the 
displacements and another constraint for the stress state of the structure. Generically, each 
constraint may be written as 
 

 

 
 
 
 

(2) 

  
where �9�+ and :9�+ are two functionals, one related to the maximum displacement of the 
structure and the other with the most critical Tsai number, 

 

 

 
 

(3) 

 
being ;<'= the total number of calculated displacements and ;=>? the total number of points of 
the structure where the stress vector is evaluated. These critical values are compared 
maximum allowable values �@ and :@. The stress analysis is performed using the strength 
parameter :, known as Tsai number, and calculated as the ratio between the maximum 
allowable stress and the actual stress at the �-th point of the structure where the stress vector 
is evaluated (Tsai,1987). The response vector is represented as A�+ = ��9, :9. 
 

PROPAGATION OF UNCERTAINTY 

In this work, uncertainty is considered to be of the random kind. Random uncertainty is 
related to the inherent variability of the physical system under consideration, due to the 
somewhat random nature of the variables themselves and/or the way they interact with each 
other. In the theory of propagation of uncertainty (Cacuci, 2003), the goal is to determine the 
moments of a given response function. Let C�+ ∈ ) be a generic system response and + ∈ )D a generic vector of ;	random variables of the system, about which only the nominal 
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values +E and their uncertainties δ+ are estimated. Then, the true value of the variables may 
be given by 
 + = +E + δ+ (4) 
From (4), let the deviation from the mean value of the variables be G5' = �5' − 5'H. The 
expansion in Taylor’s series of C�+, around the nominal value +E, considering only up to the 
first-order terms, is the following 
 C�5I, … , 5. ≅ CH +LM'G'

D

'NI
 

 
 

(5) 
 

being CH = 	C�+E and M' = �OC O5'⁄ +E the sensitivity of the response to the variable 5'. 
From (5), the first two moments of C are defined as follows 
 
 

 
 

(6) 
 

(7) 

or 
 Var�C = TUTV (8) 
 
where T is the column-vector of the sensitivities and U is the covariance matrix of the random 
variables, defined as follows 

 

 

 

 

(9) 

where �' is the standard deviation of 5' and W'1 the correlation coefficient of 5' and 51. The 
previous concepts may be extended to the case of multiple response functions, as follows 

 E�A = AE (10) 

   

 YA ≡ Var�A = [U[\ (11) 

 
where [ a �� ] ; matrix whose components are the sensitivities of the �-th response to the 
�-th variable, M'1 = ^OC1 O5'⁄ _+E, and YA is named variance-covariance matrix. 

 

THE ADJOINT VARIABLE METHOD 

The goal of sensitivities analysis is to analyze the behavior of the response of the system and 
to evaluate it sensitivity to variations in the input variables, around their nominal values. The 
methodology presented here is based on the Adjoint Variable Method. The method was 
developed in connection with structural analysis of composite structures (António, 1995). The 
structural analysis of laminate composite structures is based on a displacement formulation of 
the Finite Element Method (FEM), in particular using the shell finite element model 
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developed by Ahmad (1969) and further improvements (Figueiras, 1989). A short description 
of the Ahmad element can be found in the following reference (António and Hoffbauer, 
2008). In this work, it is considered the linear behavior of structural systems, with the 
equilibrium matrix equation established as 

 `a − b = E (12) 
 

where ` ≡ `�+ is the stiffness matrix, a ∈ )cd  is the vector of state variables 
(displacements), and solution of (12), + ∈ )c�  is the vector of design variables and b is the 
vector of external loads. Now, let φ�a, + ∈ ) be a functional, with explicit dependence on a 
and + and with implicit dependence on +, also, and for which (12) holds. Then, the following 
Lagrangian can be defined as 

 ℒ�a, +, g = φ�a, + − ghi`a − bj (13) 
 
where λ ∈ )Dl is vector of Lagrange multipliers, also known as adjoint variables (states). The 
associated optimality conditions, in the state space, written as 

 Oℒ
Oa =

Oφ
Oa − gh O

Oa i`a − bj = E 
 

(14) 
   
 Oℒ

Og = E 
 

(15) 
 
Also, as shown by Arora and Cardoso (1982), the following equality is written 

 Oℒ
O+ =

dφ
d+  

 
(16) 

 
In the Adjoint Variable Method, the augmented Lagrangian of (15) is defined in terms of 
adjoint states in order to calculate the implicit components of the total derivatives of φ, with 
respect to the design variables +. Considering the independence of b to the state variables a, 
the adjoint set of equations is obtained from (14) and is written as 

 `�+g − Oφ
Oa = E 

 
(17) 

 
where `�+ is given by (15), which is equivalent to the equilibrium equation (12). 
Considering the independence of b to te design variables +, from equality (16), it follows that 

 dφ
d+ =

Oℒ
O+ =

Oφ
O+ − gh O`O+ a 

 
(18) 

 
The developed methodology for sensitivity analysis is twofold (António, 1995; Arora and 
Cardoso, 1992): 

1. Solve the adjoint set of equations, defined by (17); 
2. Get the sensitivities from (18). 
 

Using equation (18), the components of matrix [, in equation (11), can be calculated to obtain 
the variance-covariance matrix YA, associated with the variability of the structural response. 
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STRUCTURAL FEASIBILITY ROBUSTNESS AND RDO 

In this work, Robustness is considered as a measure of variability of the critical structural 
responses, included in the vector-function A�+ = ��9, :9 and defined in equation (3). For that 
purpose, the evaluation of the effects of the uncertainty in the structural response is done in a 
simple and systematic way by calculating the determinant of the variance-covariance matrix YA, defined in equation (11). This definition of Robustness is seen as a structural feasibility 

robustness, since the final optimization problem will also include reliability constraints and 
only the deterministic constraints in (2) are evaluated in terms of robustness. The RDO 
process is executed over two sets of variables: (1) deterministic design variables n ∈ )on and 
(2) and the mean values pq of the random design variables q ∈ )oq. A third set of random 
structural parameters r ∈ )or is also considered, albeit its mean values pr are kept constant 
and are an input of the system, in the RDO. The standard deviations of q are also kept 
constant and an input of the system. The proposed approach for RDO of composite structures 
is defined as a bi-objective optimization problem, with one objective for (a) optimality and (b) 
another for robustness, namely: (a) the minimization of the weight of the composite structure s�n, pq and (b) the minimization of the determinant of the variance-covariance matrix det YA �n, pq, pr, which is formally written as follows 

 

 

 

 

 

(19) 

 

with A�n, pq, pr = ��9, :9 given by (3). Formulation (19) represents a general RDO problem, 
meaning that the set of variables considered in each functional depends on the problem under 
study. According to António and Hoffbauer (2015), uncertainties in different groups of 
random design variables and parameters show distinct behaviors and importance upon the 
response variability during the RDO search. At the end of the search process the Pareto front, 
representing the trade-off between optimality and robustness is obtained. 

 

STRUCTURAL RELIABILITY ASSESSMENT AND RBDO 

In this work, the authors propose a process for the optimization of composite structures, 
which combines structural optimization under the concept of Robustness with the imposition 
of a minimum reliability level, measured as the probability of failure of the system. In this 
particular case, structural reliability is understood as the ability of the composite structure to 
support a certain level of external loads. Such evaluation is based on the stress state of the 
system. Here, the stress state is given by :9�n, pq, pr, in (3), and the corresponding constraint 
function is given by 0��n, pq, pr, in (2), also called limit-state function. However, the 
existence of uncertainty, in both variables and parameters of the system, may introduce 
relevant fluctuations in the deterministic realization of the value of 0� and, thus, the structure 
fail. Therefore, it is of vital importance to evaluate the stress limit-state in a probabilistic 
fashion and impose an upper bound for such probability, to guarantee a minimum level of 
reliability. Formally, the RBDO problem with probabilistic evaluation of the stress limit-state 
is written as follows, in conformity with the deterministic problem (1) and with constraints in 
equation (2), 
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(20) 

 
where $%v9�n represents the calculated probability of failure and $%v9@  the imposed one. 

Mathematically, $%v9  is defined as the probability of violation of the limit-state of the 

structure. While from a deterministic perspective, feasibility is considered in the negative side 
of the limit-state functions, in Reliability assessment a solution is feasible for positive values 
of the constraint functions, by convention, meaning it is located on the safe side. Therefore, 
the stress limit state shall be rewritten as 
 0��n, pq, pr = 1 − :9�n, pq, pr:@  

 
(21) 

 
and the probability of failure defined by (Melchers, 1999) 
  

 

 
 

(22) 

 
where $x,y�∙ | ∙ is the conditioned joint probability density function. The solution of the 
canonic RBDO problem (20) is numerically expensive and its application to the design of real 
structures is limited, due to the need to evaluate a very low probability, defined as the integral 
in (22). Also, the RBDO is a double-cycle problem: the outer cycle corresponding to the 
evaluation of the physical model and the inner cycle for Reliability assessment. This means 
that a massive number of model evaluations are needed, particularly when using genetic 
algorithms (GA) as optimization tool. For these reason, in this work, the chosen method to 
measure the reliability design solutions is the Performance Measure Approach (PMA). The 
goal is to make the execution of the inner reliability cycle more efficient and estimate the 
probability of failure by the concept of the reliability index {, without the need to explicitly 
calculate $%. Formally, { is defined, in the space of standard normal random variables a, as 
the Euclidean distance from a given point to the origin. In the PMA, such point is defined as 
the point for which the limit-state function is minimized, given an imposed distance {@ 
(allowable), which translated in the following optimization problem (Valdebenito, 2010) 
  

 

 
 
 
 

(23) 
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where aq,r~;�0,1 is the vector containing independent standard normal random design 
variables and/or standard normal random parameters. Since $% is not calculated explicitly, an 
equivalent reliability constraint, based on the PMA, is defined through the concept of the 
quantile-function (Chiralaksnakul and Mahadevan, 2007) and is given by 
 
 0�^n, aq,r∗ _ ~ 0 (24) 
 
where aq,r∗  is the optimal solution of (23). 

 

RBRDO OF COMPOSITE SHELLS STRUCUTURES 

Considering the definitions in the previous sections, it is now possible to write the proposed 
RBRDO problem, for the optimization of composite structures under the effects of 
uncertainty, as 
 

 

 
 
 
 
 
 
 
 
 
 

(25) 
 
The optimization process of the RBRDO problem comprises two nested minimization cycles: 
an exterior cycle of RDO optimization complemented with an inner cycle for the reliability 
assessment of each design solution. Because of the expected highly nonlinear nature of limit-
state functions both cycles of the RBRDO are solved by suitable evolutionary algorithms. 
 

THE MOGA-2D EVOLUTIONARY ALGORITHM 

The proposed algorithm to solve the exterior bi-objective RDO problem is the Bi-level 
Dominance Multi-Objective Genetic Algorithm (MOGA-2D), developed by António and 
Hoffbauer (2016). The algorithm searches the design space to find multiple Pareto-optimal 
solutions in parallel, using two simultaneous populations, namely, small population (SP) and 
enlarged population (EP). It performs using the concept of local dominance at SP and storing 
the new generated non-dominated solutions (rank 1), from SP, into the EP. This enlarged 
population is continuously updated based on global dominance and has two main 
functionalities: to build the global Pareto front and to transmit its best solutions’ genetic 
properties to the next small populations of the evolutionary process.  

Dominance definition: Let � ⊆ )o� be the population set of individuals being sorted and 
ranked according to the concept of non-constrained dominance. Following the definition by 
Deb (2001), an individual �' ∈ � is said to constrain-dominate an individual �1 ∈ �, if any of 
the following conditions is verified: 

(1) �' and �1 are both feasible, with 
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a. �' is no worse than �1 for all objectives, and 
b. �' is strictly better than �1 at least in one objective, 

(2) �' is feasible, while �1 is not, 
(3) �' and �1 are both infeasible, but �' has a smaller constraint violation. 

The total constraint violation of an individual � is defined as the sum of the absolute values of 
the violated constraint functions, in the multi-objective optimization, and is defined by 
 ��� =LΓ�^0'��_

�

'NI
 

 
 

(26) 
with 
 Γ�^0'��_ = �	0 , �#	�	��	#�������

	abs�0' , �#	�	��	��#������� 
 

(27) 
 
The concept of constrained-domination enables to compare two solutions in problems with 
multiple objectives and constraints, since if �' constrain-dominates �1, then �' is better than 
�1, or vice-versa. If none of the three conditions above is verified, then no solution dominates 
the other. 

Fitness assignment based on local dominance: In the SP, solutions are ranked according to 
their fitness, which no longer depends on an absolute value related to a certain fitness 
function, but rather on the concept of dominance. The individual fitness is calculated 
according to the niche occupied by the solution an also depending on the number of 
individuals with the same level of dominance in its neighborhood. It is called shared fitness. 
A sharing function is used to improve the distribution of rank 1 solutions along the local 
Pareto front, at SP level, during the evolutionary process. Though the Elitist strategy adopted 
in SP is based on fitness, it is also based in dominance, implicitly. The procedure to assign a 
fitness value to each solution is described in a previous work by Conceição António (2013). A 
detailed description of these mechanisms is found in works by Conceição António (2002, 
2013). 

 

THE mGA EVOLUTIONARY ALGORITHM 

The proposed algorithm to solve the inner single-objective RBDO problem is a single-
objective GA developed by Conceição António (2002). Here it shall be referred as micro 

genetic algorithm (mGA), due to the fact that its application is limited to local problems and 
with small populations. Observing the PMA problem in equation (23) it is seen that all the 
search process is taken in the standard uncertainty domain. However, since the stress limit-
state function is derived from a discretized model of the structure, it is not defined explicitly 
in terms of the variables of the system. So, predicting its value in such a space may require 
extra computational cost, as transformation methods are usually hard to apply. Therefore, the 
search procedure is taken in the actual non-standard uncertainty domain, of variables q e r, 
and only the equality constraint is verified in the standard space, since the concept of { is 
defined in such conditions. 

In order to apply the mGA, a search domain has to be defined, with lower and upper bounds 
for the search variables. To make sure the equality constraint is always verified, size 
constraints should be defined as a function of {@. In the case of non-standard normal random 
variables, size constraints are given by 
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 ��� � {@��' , � = 1,… , Nq��� � {@��' , � = 1,… , Nr 
 

(28) 

 
For practical reasons, related to the applicability of the mGA, the equality constraint shall be 
relaxed and equated to a positive small valued slack variable, ∆. Thus, a small feasible 
domain is defined and unfeasible solutions are given a penalty on their fitness. Given the 
nature of GA’s, the PMA problem in (23) is rewritten as follows 
 
 

 

 
 
 

(29) 

   
where � is a high valued constant, �I and �� are control parameters and 
 
 Γ�{ = �0 , �#	�^aq,r_ ∈ i−∆, ∆j

���^aq,r_�� , �#	�^aq,r_ ∉ i−∆, ∆j 
 
 

(30) 
 

where � and � are penalty parameters. As seen in (30), reliability assessment for each design 
solution still requires successive evaluations of 0� for different realizations of the random 
variables. In order to avoid multiple runs of the FE model, and to make use of the already 
available information from the RDO, it was chosen to approximate the limit-state function by 
a first-order Taylor’s series around the mean value of random variables �pq, pr. A detailed 
description of the operators of the mGA is found in works by Conceição António (2002). 
 
 
APPLICATION TO COMPOSITE SHELL STRUCTURES 

Problem definition 

To study the ability of the proposed approach for bi-objective optimization of RBRDO, a 
clamped cylindrical shell laminated structure is considered as show in Fig 1. Nine vertical 
loads of mean value �� = 7	�; are applied along the free linear side (AB) of the structure. 
This side is constrained in the y-axis direction. The structure is divided into four macro-
elements, grouping all elements, and there is one laminate for each macro-element. The 
laminate distribution is as shown in Fig. 1. The balanced angle-ply laminates with five layers 
and the stacking sequence i+�/	−�/	0/−�/+�j are considered in a symmetric construction. 
Ply angle � is a design variable and is referenced to the 5-axis of the reference axis, as in Fig. 
1. The design variable 4' denotes the laminate thickness and four laminates are considered. A 
composite material built with the carbon/epoxy system denoted T300/N5208 (Tsai, 1987) is 
used in the presented analysis. The macro mechanics’ mean values of the elastic and strength 
properties of the ply material used in the laminates of the structure is presented in Table 1. In 
the studied case, the uncertainty of the variables and parameters is organized in the following 
four groups: 

 Group 1: mechanical properties � ⊆ r, defined as random parameters; 
Group 2: ply angles of the laminates � ⊆ q, defined as random design variables; 

 Group 3:  laminate thicknesses � ⊆ q, defined as random design variables; 
 Group 4: point loads   ⊆ r, defined as random parameters. 
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Table 1 - Mean values of mechanical properties of composite layers 

Material ¡¢	�£¤¥ ¡¦	�£¤¥ £¢¦	�£¤¥ §¢¦ 

T300/N5208 181.00 10.30 7.17 0.28 

 ¨; ¨′ «; «′ M	���� W	�¬0/� 
T300/N5208 1500; 1500 40; 246 68 1600 

 
The group of mechanical properties � includes the following random parameters: 	I1, 	�1, «1 
e M1, where the subscript � denotes the laminate number. Being four the number of laminates, 
there are sixteen mechanical properties aggregated in vector r. Five random design variables 
are considered in vector q: one for ply-angle �, for all symmetric laminates, and four 
laminates thicknesses. Depending on the cycle of optimization (RDO or PMA) the sources of 
uncertainty differ. In the RDO outer-cycle, the uncertainty of the system is considered 
through vectors q and r, for which the nominal values are the mean values pq and pr. The 
design variables of the RDO problem are the mean values pq. Standard deviations are kept 
constant during the RDO. The design variables are encoded using binary code format with 
different numbers of digits. The MOGA-2D parameters used at SP evolution and the size 
constraints are defined in Table 2. 

In the PMA inner-cycle of reliability assessment, the uncertainty of the system is considered 
only through the mechanical parameters �, for which nominal values are the mean values p�. The PMA is applied to each design solution found by the corresponding RDO cycle, and 
thus the evaluation of the limit-state function is done for fixed values of pq, corresponding to 
the different realizations of the design variables, of each design solution. During the PMA, the 
standard deviations of the random mechanical properties are kept constant and are necessary 
to define the local search space and to transform the referred variables to standard normal 
random variables. Assuming the original random variables follow �~;�p�, ®�, then the 
following transformation is applied 

 a� = �− p�®�  
 

(31) 
 
to obtain a�~;�E, ¢. Again, the design variables are encoded using binary code format with 
different numbers of digits. The mGA parameters and the size constraints (see 28) are defined 
in Table 3. In the RDO procedure, the allowable value �@ of the constraint of displacement is �@ = −1.0 ] 10°�	�. In the PMA procedure the allowable distance in the standard 
uncertainty space is {@ = 3. The standard deviations corresponding to each group of variables 
are presented in Table 4. 
 

Table 2 - MOGA-2D parameters and size constraints  Table 3 - mGA parameters 

Population size 30  Population size 15 

Elite group size (%) 33.33  Elite group size (%) 33.33 

Mutation group size (%) 20  Mutation group size (%) 20 

Number of generations 300  Number of generations 100 

Code format (digit nr.)/ 
/size constraint for ply angle 

4/[ ]  Code format (digit nr.)/ 
/size constraint for  

4/ 
/eq.(28) 

Code format (digit nr.)/ 
/size constraint for laminate thicknesses 

5/[0.005m, 
0.040 m] 

 Population size 15 

Population size 30    
Elite group size (%) 33.33    
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Table 4 - Standard deviations of the of variables 

  
    Fig. 1 -  Geometric definition of the cylindrical shell 
       structure and composite laminates distribution. 
 
The RBRDO problem is rewritten for this case study as follows 
 
 

 

 
 
 
 
 
 
 

(32) 

 
and the PMA problem as 
 
 

 

 
 
 

(33) 
 
where 
 Γ�{ = �0 , �#	��a� ∈ i−∆, ∆j�|��a�|� , �#	��a� ∉ i−∆, ∆j 

 
(34) 

 
Fig. 2 shows the evolution of the construction of the Pareto Optimal front, screening solutions 
of rank 1 of the last generation of the MOGA-2D. The bi-objective RBRDO problem based 
on minimization of weight and variability of the structural response appears to have 
contradictory objectives, as the minimization of one implies an augmentation in the other. The 
Pareto optimal front has a good number of solutions, indicating a good convergence of the 
algorithm. The influence of the sharing function is evident, as the solutions are well spread 
along the Pareto front. Since the determinant of the variance-covariance matrix do not allow 
to distinguish between the partial contributions of each critical response, :9 and �9, to the total 

variability, the respective coefficients of variation �²�:9 = ³´���:9 :9@µ  and �²��9 =
³´����9 �9@µ  were calculated and it is concluded that the variability of the critical stress 
response is low and fairly  stable, while the variability of the critical displacements is larger 
and incrementing, in agreement with det YA. Then, if needed, it is possible to establish a 

Group 1 �¶' = 6%	μ¶' , � = 1,… ,16 
Group 2 ��� = 5° 
Group 3 �	^41_ = 5 ] 10°¼, � = 1,… ,4	 
Group 4 �¾� = 6%	�� , , ¬ = 1,… ,9 
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preference function for the desired optimal solution of the bi-objective problem, based on the 
obtained values of �²��9.  
When it comes to the reliability-based optimization, Fig. 3 shows that the values of 0��pq, a�∗  vary for different Pareto-optimal solutions. It is interesting to notice that solutions 
with high variability have high values of 0��pq, a�∗  suggesting that, while in terms of stress 
analysis they might be reliable, since stresses do not induce relevant variability on the system, 
when it comes to displacements, reliability may not be granted. For further conclusions, 
reliability-based optimization must be applied to the displacements’ response, as well. Also, 
from Fig. 3, it is possible to conclude that the minimum reliability level {@ = 3 is well 
imposed, numerically. 

 

 
Fig. 2 - Pareto front evolution, at generation 300, and response of both critical 

displacements and Tsai number. 

 
 

 
Fig. 3 - Pareto-optimal front, stress limit-state value after PMA and imposed reliability 

level validation. 
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CONCLUSIONS 

In this work an efficient formulation of the RBRDO for composite shell structures is 
proposed. Robustness is defined as a measure of variability of the structural responses of 
displacement and stress. Reliability of the structural stress response is evaluated through the 
PMA. The resulting two-cycle bi-objective optimization is solved with the application of two 
GA’s, one for each cycle. For the RDO outer-cycle, the search in the design space is based on 
the concept of constrained-dominance, performed by the bi-level genetic algorithm MOGA-
2D. The PMA internal cycle, is solved performing a local search in the uncertainty space 
formed by stress related variables, using a micro-GA. Even though the structural system is 
considered to be linear elastic, the limit-state function of stress is estimated by a first-order 
expansion in Taylor’s series, to avoid numerous evaluations of the FE model. The presented 
example shows that the MOGA-2D converges to a Pareto-optimal front with two distinct 
zones: one with well distributed solutions, in the weight varying branch; another with sparse 
solutions, in the variability varying branch. The calculation of individual coefficients of 
variation, show that the critical displacement response is responsible for the most of the 
variability of the system, while for critical stress it is low and stable. Reliability results show 
that the Pareto-optimal solutions respect the desired reliability level also with reliability-
feasible values of the stress limit-state function. 
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ABSTRACT 

The objective of this work is to implement a meta-modelling method for sensitivity analysis 
in both building energy analysis models and prioritizing energy saving measures. So, a hybrid 
approach based on artificial neural network (ANN) and Monte Carlo (MC) simulation is 
proposed using information from a buildings’ energy certification database. A detailed study 
of interactions between parameters is performed together with a variance-based method 
aiming at obtaining the Sobol indices for sensitivity analysis. The sensitivities of energy 
performance outcomes relatively to building parameters are obtained and the importance of 
each parameter is outlined. 

Keywords: building energy performance, sensitivity analysis, meta-model, Sobol indices. 

 

INTRODUCTION 

Nowadays a major part of total energy consumption is associated with the energy demand of 
buildings increasing the amount of CO2-emissions worldwide. So, there is an increasing 
interest in building energy performance (Salat 2009). The building energy characterization 
depends on many input parameters and much time there is a lack of knowledge on their 
relationship with the outcomes measures. The most common scope of sensitivity analysis is to 
identify those input parameters that have a large impact on model outcomes in combination 
with an uncertainty analysis of these parameters. Furthermore, sensitivity analysis is a useful 
tool for the diagnosis of modelling deviations, identification of the influence of model 
components and to improve the understanding of the relationship between model inputs and 
outputs (Menberg et al. 2016). 

The objective of this work is to implement a meta-modelling method for sensitivity analysis 
aiming at identifying key variables influencing the building energy performance, heating, 
cooling, and carbon emissions in residential buildings. Sensitivity analysis methods can be 
grouped into local and global methods (Borgonovo et al. 2003, Saltelli et al., 2006; António 
and Hoffbauer, 2008). In the field of building energy performance study, global sensitivity 
analysis has been increasingly applied to identify key variables influencing building energy 
performance (Firth et al. 2010, Menberg et al., 2016).  

There are many assessment methods for global sensitivity analysis, such as regression, 
screening method, variance-based, meta-modelling (Saltelli et al., 2006; António and 
Hoffbauer, 2008; Menberg et al., 2016). The advantage of using global methods is that this 
method would explore the whole domain of input building parameters. On the contrary, local 
sensitivity analysis only uses information at a single data point. In this work a global 
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sensitivity analysis (GSA) methodology based on learning from a data basis and simulation to 
obtain the statistical measures of energy performance of the building stock is adopted. In 
particular the first order sensitivity index proposed by Sobol (Sobol 1993) is used. 

The assessment to the energy performance of a particular building stock is obtained from a 
product of factors such as urban morphology, building physics, energy systems, and people 
behaviour. The result provides an indication between the least efficient and the most efficient 
statistical class of an existing building stock (Salat 2009). Since the referred factors are 
calculated for strongly homogeneous cases it is reasonable to expect a combined effect lower 
than the multiplication of all extreme factors. Although the involved factors are not totally 
independent the sensitivity analysis of each one stays important. 

 

SENSITIVITY ANALYSIS 

In the proposed approach for sensitivity analysis, each outcome of the building energy 
performance study is associated with mathematical function mΨ . Assuming that 

)( 1 nX...,,X=X  are n independent input variables and an indicator of the importance of an 

input variable iX  could be based on the outcomes of the variance of mΨ  if iX  is fixed at its 

true value *
ix : )( *

ii xX|var m =Ψ . This is the conditional variance of mΨ  given *

ii xX = . 

However, in most cases the true value *
ix  of iX  is not known and then to overcome this 

difficulty the average of the conditional variance under all possible values for iX  denoted by 

〉〈 Ψ )( im X|varΕ , is calculated. Considering the following algebraic property: 

〉〈+〉〈= ΨΨΨ )) (()( imimm X|varΕX|Εvarvar                               (1) 

the variance of the conditional expectation )( 〉〈Ψ im X|Εvar  can be used as an indicator of the 

importance of iX  on the variance of mΨ , )( mvar Ψ . This indicator is directly proportional to 

the importance of iX . A normalized index can be established using the conditional 

expectation as 

)(

( )

m

im

var

Εvar
S

X|
i

Ψ

Ψ 〉〈
=                                                       (2) 

named first-order sensitivity index by Sobol (Sobol 1993; Saltelli et al. 2006; António and 
Hoffbauer, 2008).  

The outcomes measures, mΨ  associated with building stock are: the energy performance 

class, EPC; the heating needs, icN ; the cooling needs, vcN ; and the total needs, tcN . The 

energy performance of each building fraction depends on its geographical location, its climate 
and the solutions adopted at the construction and design level. The building parameters are 
regarded as design variables in sensitivity analysis. The design variables related to building 
characteristics include the building typology, the net floor area, both winter and summer 
climatic zones. The design variables related to building envelope include wall, roof and 
glazing thermal performance coefficients (U), the solar heat gain factor tg and thermal inertia. 

To obtain the total variance of each outcome measure in Eq. (2) information from ADENE’s 
data basis is used. The same data is used to build an artificial neural network (ANN) based on 
supervised learning supported by evolutionary search. After this an ANN-Monte Carlo 
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simulation process enabling to obtain the variance of the conditional expectation in Eq. (2) is 
implemented. The sensitivities of energy performance outcomes relatively to building 
parameters / design variables are obtained and the importance of each parameter is outlined. 
Figure 1 shows the flowchart of the proposed approach. 

 
Fig. 1 - Flowchart of the proposed ANN-Monte Carlo for sensitivity analysis 

 
The developed ANN is organized into three layers of nodes (neurons): input, hidden and 
output layers as shown in Fig.2. The linkages between input and hidden nodes and between 
hidden and output nodes are denoted by synapses. These are weighted connections that 
establish the relationship between input data and output data. In the developed ANN, the input 

data vector inpD  is defined by a set of values for selected parameters X, which are the input 
design variables used in energy performance analysis of building stock. The corresponding 

vector of outcomes measures is outD . Each pattern, consisting of an input and output vector, 
needs to be normalized to avoid numerical error propagation during the ANN learning process 
(Gupta 2003). The activation of the k-th node of the hidden layer (n=1) and output layer (n=2) 
is obtained through sigmoid functions. The error between predefined output data and ANN 
simulated results is used to supervise the learning process, which is aimed at obtaining a 
complete model of the process. As a set of input data are introduced to the ANN, it adapts the 
weights of the synapses and values of the biases to produce consistent simulated results 

through a process known as learning. The weights of the synapses, )(m n
ij , and biases in the 

neurons at the hidden and output layers, )(n
k

r , are controlled during the learning process. For 

each set of input data and any configuration of the weight matrix and biases, a set of output 
results is obtained. These simulated output results are compared with the predefined values to 
evaluate the difference (error), which is then minimized during the learning procedure. 
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Fig. 2 - Artificial Neural Network used in ANN-MC simulation 

The adopted supervised learning process of the ANN based on a Genetic Algorithm (GA) 
(Gupta 2003) uses the weights of synapses and biases of neural nodes at the hidden and output 
layers as design variables. A binary code format is used for these variables. The number of 
digits of each variable can be different depending on the connection between the input-hidden 
layers or hidden-output layers. A GA is an optimization technique based on the survival of the 
fittest and natural selection theory proposed by Charles Darwin. The genetic algorithm 
(António 2002) basically performs on three parts: (1) coding and decoding random variables 
into strings; (2) evaluating the fitness of each solution string; and (3) applying genetic 
operators to generate the next generation of solution strings in a new population. Three basic 
genetic operators, namely selection, crossover, and mutation are used in this paper. An elitist 
strategy based on conservation of the best-fit transfers the best-fitted solutions into a new 
population for the next generation. Once the new population is created, the search process 
performed by the three genetic operators is repeated and the process continues until the 
average fitness of the elite group of the current generation no longer shows significant 
improvement over the previous generation. Further details on creating and using a genetic 
algorithm for ANN learning can be found in the reference (António and Hoffbauer 2010). 

 

ANN-MC ALGORITHM FOR GLOBAL SENSITIVITY ANALYSIS 

The influence of each building parameter/design variable on outcomes measures of the energy 
performance is based on ANN-Monte Carlo approach aiming to estimate of global sensitivity 
analysis (GSA) indices. To reduce the computational costs the analysis is implemented 
considering only the Sobol first-order sensitivity index defined in Eq. (1). The methodology 
to obtain the conditional variances and the system variance is based on the algorithm 
proposed by António and Hofbauer (2008) as follows: 

- 1st Step: Lets consider the non-correlated input building parameters vector x following a 
uniform probability distribution function )10( ,Unif . 

- 2nd Step: Considers a set of random numbers fixλ  following a uniform probability 

distribution function )10( ,Unif . These fN  random numbers are used to generate the 

fixed values of the input building parameter iX . 
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- 3rd Step: For each input building parameter  iX   (not for itself) a sample matrix  αJ   is 

generated by independently collecting samples of (p-1) random numbers following a 
uniform distribution )10( ,Unif , where the size of the sample is rN . 

- 4th Step: For each input building parameter iX  a combination of values of  fixλ   and  

αJ   is defined. The outcomes measures of the energy performance are evaluated for  X  

using the optimal configuration for ANN. After, the conditional expectation of 
structural response is estimated and the mean values of this conditional expectation are 
calculated. Finally, the variance of the conditional expectation of structural fixing each 
input building parameter  iX   is estimated. The procedure is repeated for all input 

building parameters. 
- 5th Step: The variance of structural response )( mΨvar , is estimated considering the 

previous simulations. 
- 6th Step: Calculation of the global first order Sobol sensitivity index using Eq. (2) for all 

input building parameters in X. 

 

RESULTS 

In the proposed approach for sensitivity analysis, the outcomes of the building energy 
performance study are associated with a set of input building parameters or design variables 
of the proposed meta-modelling method. The construction of the ANN-MC simulation 
numerical model is based on a learning process supported by data collected from ADENE’s 
data basis. In this application a sample of 11583 events obtained from the energy certificates 
emitted by ADENE’s National energy certification system during May 2016 is considered. 
The design variables considered for testing of the ANN-MC numerical model are the building 
parameters defined in Table1. However, in a future approach, building parameters such as 
Nomenclature of territorial units for statistics (NUTS), construction period, summer and 
winter climate zones, thermal inertia and the solar heat gain factor tg  will be taken into 

account aiming to improve the model. 
 

Table 1 - Definition of design variables (input building parameters) 
used to test the numerical model 

 
 

The building stock of ADENE’s data basis refers that classic buildings certified in May 2016, 
41% corresponded to those built after 1996, while another 31% were for buildings built 
between 1971 and 1990. The remaining sample buildings have been generally evenly 

Design variable (X)

Tipology

Net floor area

External wall area

External roof area

Glazing area

Shape factor

Heat loss through external walls, [W/K]

Heat loss through roof, [W/K]

Heat loss through the glazing, [W/K]

Energy losses through thermal bridges, [W/K]
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distributed for each of the decades, but there has been a slight downward trend in the number 
of buildings in the beginning of the XX century.  

The region with the highest number of old buildings certified in May 2016, i.e. constructed 
before 1918, was Lisbon’s Metropolitan Area, with approximately 70% of the total of classic 
residential buildings and Algarve had the lowest rate, approximately only 3%. Furthermore, 
as Norte, also counts with the highest percentage of residential buildings constructed after 
2005. In contrast, the region with the lower rate of buildings constructed after 2005 was 
Alentejo. For the whole valid certification sample, most buildings consisted of low-rise 
buildings, approximately 80% have till four floors. The densely populated urban areas have a 
larger representation of residential buildings with more floors when compared to residential 
buildings in rural areas. Rural areas have mostly houses with fewer floors, e.g, in Alentejo, 
more than 70% of the sample residential buildings have less than 2 floors. 

The outcomes measures of the energy performance class, EPC; the heating needs, icN ; the 

cooling needs, vcN ; and the total needs, tcN , were used to test the proposed approach. 

However other outcomes measures can be considered in future developments. The influence 
of building parameters in Table 1 on outcomes measures of performance energy of building 
stock sample is shown from Figure 3 to Figure 6. The Sobol index following the Eq. (2) is 
presented in percentage of contribution of each building parameter to explain the total 
variance of the outcome measure. The results of the sensitivity analysis require careful 
interpretation due to the nature of the model calculations supported by a small sample. 

 

 

Fig. 3 - Influence of selected design variables on heating needs (NTC) of building stock  
measured by Sobol index (%) 
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Fig. 4 - Influence of selected design variables on cooling needs (NVC) of building stock 
measured by Sobol index (%) 

 
 
 

 

Fig. 5 - Influence of selected design variables on total needs (NTC) of building stock 
 measured by Sobol index (%) 
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Fig. 6 - Influence of selected design variables on energy performance class (EPC) of building stock 

measured by Sobol index (%) 
 

 
Fig. 7 - Comparison of influence of the selected design variables (building parameters) on the outcomes 

measures of building stock 
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Figures 3-6 show that shape factor is the most important building parameter for the variability 
of all outcomes measures: the energy performance class, EPC; the heating needs, icN ; the 

cooling needs, vcN ; and the total needs, tcN . Indeed, the higher the value of shape actor, the 

less the building fabric is compact in the intuitive sense. Shape factor defines the amount of 
exposed building envelope per unit volume and is used in several applications. Its relevance 
to the energy consumption of buildings, however, must be considered carefully. Heat losses 
minimization during the winter requires minimization of the surface-to-volume ratio. 
However, this implies a reduction of the building envelope exposed to the outside 
environment, thus reducing the availability of daylight and sunlight and increasing energy 
consumption for artificial lighting and natural ventilation. The higher the shape factor, the 
higher the energy needs for heating in colder climates (Salat 2009).  

According Figures 3-6, the heat loss through roof, external walls and net floor area are also 
very important building parameters for all outcomes measures. The heat losses through the 
glazing is an important building parameters for the outcome Cooling needs, vcN  as shown in 

Fig. 4. 

Figure 7 show a comparison of sensitivities of all outcomes measures relatively to building 
parameters. So, the heat losses trough roof and walls, the shape factor, the glazing, roof and 
net floor areas, are the most important building parameters influencing the outcomes 
measures EPC, icN , vcN  and tcN . The model reveals that the typology is not important for 

the outcomes considered in the analysis. However this last observation must be confirmed in 
future improvements. 

The results show the viability of the proposed approach as a strategy to be adopted together 
statistical analysis for a future insight of building stock characterization. Further the 
quantitative conclusion of statistics the approach can enable a qualitative analyse from the 
sensitivity analysis. 

 

CONCLUSIONS 

In this work a ANN-MC approach for the sensitivity analysis of outcomes measures of the 
building stock energy performance study is proposed. The outcomes measures were: the 
energy performance class, EPC; the heating needs, icN ; the cooling needs, vcN ; and the total 

needs, tcN . The building parameters are regarded as design variables in sensitivity analysis. 

These design variables are related to building characteristics including the building typology, 
the net floor area. The design variables related to building envelope include wall, roof and 
glazing thermal performance are also considered. 

The above ANN-MC energy performance evaluation approach can also be used as a tool to 
analyse energy performance of the building stock. For existing cities, modelling of the 
building stock properties at an urban scale can make it possible to quantify the impact of new 
rules on the energy consumption. Furthermore the approach can be an important tool to 
evaluate the impact of the modification of certain building parameters like the importance of 
double glazing, the efficiency of heaters, and the degree of insulation of the building envelope 
and the sustainability of urban heating. This approach makes it possible to measure the large-
scale impact of the renovation of a building stock. 
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ABSTRACT 

Technological advancements, social and market changes, and policies evolution introduce 
new challenges in dealing with the planning and design of complex engineering systems with 
a long operational life. In the last two decades, several studies have analysed and proposed 
frameworks to identify, understand, classify, manage and model uncertainties in complex 
systems. However, a deeper understanding on how to design in order to accommodate 
uncertainty is still a difficult issue deserving research and development on design practices 
and methods. Thus, the purpose of this paper is to present a review of the literature on design 
approaches intending to incorporate the life cycle uncertainty of engineering systems since the 
very front end of their design process, aiming to highlight research gaps, identify 
opportunities and guide future research efforts. In particular, this paper is focused on the 
challenges raised by uncertainties in the design of complex manufacturing systems in their 
early development stages. The nature and sources of uncertainty and frameworks for its 
classification is discussed, as well as techniques to model and integrate uncertainties in early 
design phases. Finally, insights into the main focus in future research efforts are addressed. 

Keywords: Uncertainty, Flexibility, System Design, Manufacturing Systems. 

 

INTRODUCTION 

One of the central problems when designing an engineering system is the challenge of 
answering readily and successfully to: what to build, and at what time (De Neufville, 2011). 
Those are questions raised in all stages of the design process in engineering but they are 
especially difficult in the preliminary phases due to the intrinsic imprecisions and 
uncertainties on the info on the information available. There are several methodologies well 
develop to apply in later design stages (e.g. solid modelling and mechanism analysis) by 
which designers may rely to analyse performance or make main configuration choices (Wood, 
1990), but lack of information and ill-defined requirements create large obstacles to early 
design development and validation. Most of the times initial stages of engineering design 
projects make use of development methodologies that are incomplete or inappropriate, 
making those initial stages quite dependent of the expert judgment. The first challenge in a 
complex system design is to understand the environment in which it will perform, and how it 
will affect and be affected by its surroundings, meaning that the system's scope and frontiers 
must be identified. Together with high level requirements, these are major inputs to the 
development of the system architecture, understood as a description model of the system 
structure, including the system components and the interactions between them. 
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Large manufacturing systems must be seen as complex systems. In fact, they interact and are 
affected by a complex exogenous environment, which evolves over time in a difficult-to-
predict way, and consist of a large number of components with complex behaviours and often 
non-linear internal interactions. These systems built to operate for long life cycles have to 
accommodate different sources of uncertainty, both internal and external, and be resilient to 
changing conditions. This resilience issue is especially important when designing 
manufacturing systems to deal with innovative products, materials, and technologies in 
turbulent market contexts. Moreover, as Pierre et al. (2007) pointed out engineering design of 
innovative products also introduce an extra part of uncertainty in their manufacturing systems 
when compared to “routine design”, which introduces needs for flexible design for these 
manufacturing systems.  

In summary, besides a decision-making process based on insufficient and ill-defined 
information, the early stage design of a manufacturing system must deal with imprecise 
judgements on future evolution on markets, technologies and products that introduce that are 
subject to a wide range of uncertainties difficult to deal with. Systematic tool to identify, 
classify and model these uncertainties are the cornerstone for success in engineering design 
process. 

Uncertainty Definition 

Uncertainty is an unintelligible expression without a straightforward characterization nor clear 
definition (Antunes, 2015). Its description is communally related with unpredictability, 
indeterminacy and indefiniteness. It's a transversal term, yet it’s definition, the formalism 
that's put into it and the way is mitigated and exploited changes when treated in the scope of 
different sciences such as social, formal, physical, life, or applied sciences. 

Uncertainty can be found in future events' prediction such as weather forecasting, where 
currently is common practice to include data on the degree of uncertainty. In financial 
markets, namely stock markets, stock prices uncertainty is highly significant and it's dealt 
with tools such as Monte Carlo simulation. In economics, where market systems experience 
rapid changes, uncertainty reduction and risk mitigation are crucial since more often than not 
risk translated directly to money loss. Uncertainty is also present in fields with high 
mathematical formalism such as quantum mechanics, where Heisenberg's uncertainty 
principle forms the basis of fundamental theory of nature at small scales and low energies of 
atoms and subatomic particles. (Feynman, 1965). 

This illustrates the broad spectrum of areas that consider, treat and incorporate uncertainty in 
their models. From that, one broad yet fundamental insight can be withdrawn: Uncertainty is 
what is not known, or known only at some extent, and must be framed and incorporated in 
developed models in order to, with higher accuracy, mimic the behaviour of real complex 
systems. This is the starting point to develop a consistent and flexible model that is able to 
deal with uncertainties.  

Uncertainty Research in Engineering Design  

Uncertainty research has seen an increase in relevance within engineering design community 
in the last decade as stated by Kreye et al. (2011). In 2012 the American Society of 
Mechanical Engineering published a special issue of its Journal of Mechanical Design solely 
dedicated to design under uncertainty. Over 60 technical papers were submitted for review, 
(De Weck et al., 2012), being the published issue comprised of 14 papers organized into four 
common themes: (1) New Problem Formulations for Design under Uncertainty, (2) Strategies 
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for Design under Uncertainty, (3) Methods for Uncertainty Characterization, and (4) Methods 
for Uncertainty Computing.  

Kreye et al. (2011) presented a rather complete research about the growing role of 
uncertainty-related investigation in articles published in one of the main design conferences, 
International Conference on Engineering Design (ICED). Kreye et al. (2011) exalts the fact 
that it has been published 32 papers in ICED in the past 10 years, with the numbers growing 
from 2 papers in 2003 to 17 in 2009. Extending Kreye’s et al. (2011) research to years that 
followed, can be seen a constant trend since 9 articles were published in ICED’11, 10 in 
ICED’13 and 8 in ICED’15. Table 1 presents, in a structured manner, all the articles published 
in ICED’s last three editions separated by their topic content regarding uncertainty. No 
particular order was given to the topics, and the authors appear by alphabetic order within 
each Uncertainty Topics. 

 
Table 1 - Articles considering some level of uncertainty in the last 3 ICED’s conventions. 

Uncertainty Topics Objective Authors 

Uncertainty in 
all phases of design 

process 

Support system suppliers to identify and offer customer relevant and effective 
flexible design concepts. 

Allaverdi et al. 
(2015) 

Design process improvement through modelling and management of complexity 
and uncertainty. 

Hassannezhad et 
al. (2015) 

Approach to assess the influence of different design parameters in a network of 
physical effects. 

Eifler et al. (2011) 

Systematic reduce the inherent uncertainty and to enable a dependability-oriented 
design process. 

Wendland et al. 
(2011) 

Uncertainty analysis in 
Product design  

Product design through the extraction of consumer opinion and sentiment. 
Uncertainty analysis is conducted in order to assess the effects of sentiment 
classification accuracy.  

Stone & Choi 
(2013) 

Uncertainty in early stage 
design 

Development of an Agent Model for Planning and rEsearch of eaRly dEsign 
(AMPERE) aiming to support early design planning. 

Fernandes et al. 
(2015) 

Exploration of decision making in early phases of product development, and 
reporting of empirical findings from a case study conducted in an automotive firm 

Kihlander (2011) 

Uncertainty in project 
management 

Application of Agile Project Management to two Root Cause Analysis (RCA) 
projects with high degree of uncertainty. 

Kim & Mont 
(2013) 

Study that compares how the managerial activities of managers with a technical 
background differed from those with a non-technical background. 

Rekonen et al. 
(2013) 

Uncertainty classification Description and classification of the manifestation of uncertainty.  Kreye et al. (2011) 

Uncertainty in usability 

Development of an uncertainty scale to: 

� Relate usability techniques to the different types of uncertainty 

� Relate usability problems to different types of uncertainty 

Harkema et al. 
(2011) 

Uncertainty in modular 
systems 

Characterization of what interfaces are and how they can be described through 
adequate properties, functions and other characteristics in order to control 
Interface Uncertainty and Configuration Uncertainty. 

Freund et al. 
(2015) 

Managing design 
commissions 

Description of how commissioned Fuzzy Front End (FFE) development work may 
be managed in order to mitigate uncertainty 

Linse (2013) 

Uncertainty in mechanical 
design 

 Elaboration of what challenges mechanical design automation faces to reach the 
level of design automation in the embeded systems domain. 

Otto et al. (2013) 

Uncertainty treatment in 
design analysis 

Design analysis process model that tries to eliminate some integration issues 
(transmission of incorrect information, disagreement on activities…) using quality 
assurance techniques and procedures. 

Eriksson & Motte 
(2013) 

Decision-making and 
strategic design under 

uncertainty 

Methodology to support strategic design and management decision-making in 
entrepreneurial systems that are called to evolve towards more complexity. Lessio et al. (2013) 

Uncertainty in expectation 
effect 

Simulation model of the expectation effect that explains the conditions of contrast 
and assimilation. 

Yanagisawa & 
Mikami (2015) 
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Uncertainty in conceptual 
design stage 

Expansion of SOS (System-Of-Systems) method of generating product design 
alternatives to introduce more information to help reduce uncertainty and explore 
design solutions. 

Rosenstein et al. 
(2011) 

Uncertainty in product 
development 

Examination the nature of objectives and generates a conceptualization of four 
generalized dimensions of objectives: degree of maturity, degree of rigidity, 
leverage and impact. 

Albers et al. (2011) 

Analysis of empirical data from a case study of organizational performance in 
relation to institutional theory in connection to organizational tensions and 
conflicts. 

Bojesson et al. 
(2015) 

Application of methods within the Uncertainty Mode and Effect Analysis 
(UMEA) Methodology during the phases of the product development process. 

Engelhardt, et al. 
[1]. (2011) 

Introduction of a methodology is called Uncertainty Mode and Effects Analysis 
(UMEA): a strategic procedure to analyze uncertainties and their consequences. 

Engelhardt, et al. 
[2]. (2011) 

Creation of framework to cover the different aspects of technology uncertainty 
discussed in current empirical studies. 

Geissmann et al. 
(2015) 

Flexibility Analysis in 
system design 

Novel integrated screening framework for flexibility analysis considering multi-
domain uncertainty sources and multi-criteria for designing complex engineering 
systems. 

Bourani et al. 
(2013) 

Uncertainty in complex 
plant engineering 

Analysis of how complexity is perceived in this industry and gives guidance to the 
improvement of complexity management. 

Maurer & Wölfling 
(2013) 

Uncertainty in Problem 
formulation 

Strategy identification for collecting information in the problem formulation: 
depth-first, breadth-first and hybrid search. 

Wang (2015) 

Uncertainty Identification 
in complexity management 

Approach on the precautionary identification of uncertainties. Daniel Kasperek et 
al. (2013) 

 
 

UNCERTAINTY IDENTIFICATION AND CLASSIFICATION 

This section presents different uncertainty classification methods. These are introduced 
sequentially from more classic categorizations to newer ones. Firstly, uncertainties are 
classified regarding the awareness of experts. Uncertainty can be divided in two distinct broad 
groups: known unknowns, and unknown unknowns. This taxonomy is well known in literature, 
being most of the times a starting point in uncertainty classification. Special attention is 
dedicated to the latter group since recently a framework proposed by Ramasesh et. al (2014) 
to deal with unknown unknowns formulate a subdivision of this group in knowable unknown 

unknowns and unknowable unknown unknowns. Secondly, uncertainties are classified per 
context in which they arise, either in contexts present inside an engineering complex system, 
endogenous uncertainty, or in its environment, exogenous uncertainties. Regarding this 
classification two approaches are described, being the first one characterized by having a hard 
limit dividing what are uncertainties arising inside and outside system boundaries. The second 
approach is characterized by not having a hard boundary diving endogenous and exogenous 
uncertainties. The third uncertainty classification groups uncertainty in five layers: Nature 

Layer, Cause Layer, Level Layer, Manifestation Layer, Expression Layer. Lastly, it’s 
introduced another framework of classification presented by Wynn et al. (2011), where the 
authors define Imprecision, Inconsistency, Inaccuracy, Indecision, and Instability as the main 
uncertainties that require understanding in complex engineering design 

Known & Unknown Unknowns 

Ramasesh et. al (2014) introduced a conceptual framework that approaches unknown 
unknowns (a.k.a. unk unks) providing specific guidance for recognizing and reducing 
knowable unk unks in a project. Uncertainties are primarily divided in two groups: Known 

unknowns and Unknown unknowns. Known unknowns are uncertainties that have the 
awareness of experts, i.e. project managers and system designers. Common and well 
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developed techniques for conventional risk and opportunity management often can be applied 
with high level of success. Examples of known unknowns are: costs and duration of system 
activities; quality of outcomes; both availability and quality of resources. These are 
uncertainties that can be estimated in a probabilistic way. 

Unknown unknowns are uncertainties which the experts are not aware of. Unrecognized 
uncertainties that are only observable when revealed, most of the times in negative system 
outcomes. It is important to point out that events that were foreseen but weren't considered 
because were to cost demanding or to unlikely to happen are not categorized as unknown 

unknowns. Such division in Unknown unknowns and Known unknowns is well study, being 
the novelty related to the fact the authors divide unk unks in two separated sub-categories: 
Unknowable unk unks and knowable unk unks. The paradigm of this categorization relies on 
the premise that: “Just because something is currently unknown does not mean that it is 
unknowable”.   

Unknowable unk unks are related to events that cannot be anticipated by experts. There is not 
an amount of action by designers and project managers that will be able to convert 
unknowable unk unks into known unknowns. Such uncertainties are tightly related with 
disruptive events such as earthquakes or tsunamis.  

Knowable unk unks are Unk Unks that could be, but for some reason were not foreseen by the 
system's expert. This idea is supported by many retrospective studies of projects that fail or 
succeed poorly. These studies suggest that a considerable amount of unk unks could have 
been anticipated. One of this cases is described by Montealegre et al. (1996). The author 
describes several problems arising in an automated baggage-handling system at Denver 
International Airport. Those problems could, but were not anticipated. Being only identified 
well past project's deadline. 

A more catastrophic one happen in June 4, 1996, Ariane 5 rocket was launched in French 
Guiana, South America. The mission from European Space Agency’s centre started to have 
problems 37s into the launch when internal computers “decided” that rocket was 90º off 
course, making an automatic adjustment of the trajectory as the rocket was travelling at the 
speed of sound. It exploded 2 seconds later destroying everything on board, including four 
satellites. This was an unexpected and catastrophic outcome for a ten years’ project that cost 
$7,000 Million and took tens of millions of hours of human labour and expertise. This 
problem was only revealed in a posterior analysis that confirmed that there was a malfunction 
in the rocket’s guidance system software. The conclusion withdrawn was that the system was 
not fully analysed perhaps because the software had worked successfully with previous rock, 
Ariane 4. 

Endogenous / Exogenous Classification 

As pointed out, uncertainty has an unwavering presence in complex systems, being systems of 
different nature subject to different types of uncertainties. Depending of the system the 
uncertainty degree varies from higher levels, where uncertainty is more difficult to be dealt, to 
lower levels, where uncertainty is much easy to be tamed. One way of differentiating 
uncertainties is to analyse where they arise. Within the system or in the system's environment. 
Primarily uncertainties arise from within, being classified as Endogenous. One characteristic 
is that they are not directly influenced by the environment where the system inhabits, i.e. they 
are mainly correlated to the system itself. Uncertainty arising from within can be influenced 
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by system designers to a greater extent, being uncertainties out of the system boundaries only 
influenced by designers to a lesser extent. 
Endogenous uncertainties in complex engineering systems can be seen in a Product context or 
in a Corporate context. (De Weck et al., 2007). Product context - Uncertainties are present in 
each stage of the product development being more preponderant in products that exhibit some 
element of novelty, from a product that has a new manufacturing process to a product that 
follows new design criteria. That element of novelty inputs uncertainties in the system that are 
being sorted out during the design process. De Weck et al. (2007) also points out an important 
aspect. The reuse of ideas that already exist could in fact eliminate uncertainties that were 
dealt with previously in the past, but introduce uncertainties that designers are not accounting 
for. These uncertainties are called knowable unknown unknowns and could in fact lead to 
catastrophic events such as the crash of the Ariane 5 rocket. Bottom line, products design in 
slightly different contexts, to meet different demands or that were modified in subtle ways 
require a revision process in order to perform uncertainty mitigation. Theories of design for 
flexibility applied in engineering systems in this sense could be stretched to products and their 
several components, i.e. designing product, thus their components considering the possible 
future integration of versions of the product or even in different products could be a major 
tool the reduce uncertainties in this context. 

In the Corporate context, endogenous uncertainties can arise in the business context in which 
the product is developed. If it's argued (Pierre et al., 2007) that the product must be aligned 
with the corporate plan in order to achieve true potential and success the reciprocal isn't less 
true. In fact, business strategies that do not contemplate their individual products in a higher 
level could miss changes when the future leads to favourable environments. One case 
innumerable times described in the literature is the Daimler Chrysler’s PT Cruiser case, where 
inflexibility lead to a missed opportunity and around $480 million in forgone pre-tax profits 
according to estimates by Prudential (Brown, 2004). More specifically, PT Cruiser was a big 
hit in the models of years of 2000 and 2001. The demand rapidly surpasses the capacity of the 
plant in Mexico where it was produced. The issue was that Daimler Chrysler was not able to 
shift the overflow of production to another plan in Illinois that had capacity to spare because 
this plant was not able to fully accommodate the PT Cruiser since the paint shop was not tall 
enough or add the sufficient flexibility to become tall enough. 

Other uncertainties arise outside of a system, Exogenous Uncertainties. These kinds of 
uncertainties are beyond direct control of the system's designers, being only able to be 
influenced at some extent. In engineering system, exogenous uncertainties mainly arise from 
the market place, the product, supply chains, stakeholders, political, cultural and 
environmental contexts where the system is embedded in. 

Uncertainties in the User Context are related to the usage of the product. The way a product is 
going to be used by the end user and the conditions under which will operate are far from 
being certain. Product life cycle uncertainties may lead to suboptimal performance or even to 
failure if unmanaged (Mikaelian et al., 2007). When designing product, product designers 
should consider several less likely scenarios and some incorrect ways of product usage. 
Several factors may change during the operational life of the product and accounting them 
and integrated them as part of the design process may lead to more robust products 
introducing high capabilities and better performance. 

Change in trends is a characteristic of fast moving markets. Following these trends are the 
demand profiles that quickly can turn system requirements obsolete. In the Market Context, 
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uncertainties should not be underestimated and a thorough market analysis should be 
conducted leading not only to the anticipation unfavourable events but also to exploitation of 
advantageous circumstances. Market's sphere of influence in an engineering system is very 
large and has many levels. In a deeper level, market drivers can change economy having a 
huge impact in exchange rates that in turn have large influence on the cost of manufacturing 
as well as the ability to sell products abroad.  

Political environment has a wide impact in engineering systems since it can affect a system in 
many ways. In the Political Context, several aspects must be taken into consideration when 
designing a system. Designer and managers should consider government policies and be 
aware of upcoming legislation as they can affect positively or negatively their system. Among 
changing regulations emissions and fuel economy legislation may require changes not only in 
the design of manufacturing systems and their products as well operability of existing 
products. Example of that changes is the position of the huge car industry in Germany after 
the German upper legislative chamber, in October of 2016, appealed to German government 
to support a phase-out of gasoline vehicles by 2030. 

Cultural forces apply even more profound changes. In the Cultural Context, trends of the 
masses can put companies out of business or make sales of rise in a fast and unpredictable 
way. Sometimes governmental policies are not in related to the political context but rather to 
cultural context. Public opinion can pressure the governments to apply policies. One example 
of the public influence is the growing concern about nuclear power plants that's leading 
European countries to rethink their energy policies. 

Layered Uncertainties 

An important characteristic of engineering systems that gets more prominent has the level of 
complexity increases is the ill definition of its boundaries. It's not trivial and very often 
difficult to argue where a system ends and its environment begins. In this sense, considering 
that a system possesses fuzzy boundaries rather than hard boundaries allows a more realistic 
view of the uncertainties sphere of influence. Miller et al. (2001) introduces a representation 
where uncertainties in large engineering projects are stratified in layers, as can be seen in 
Figure 1, in order to tackle complexity and uncertainty offered in today’s megaproject 
developments. The central layer represents the Technical/Project uncertainties, this are the 
uncertainties capable to be influenced by the system designers and experts at the most extent. 
It comprises uncertainties related with operations, technical details and management.  

Recalling the previous Contexts taxonomy, this is related with the Product Context. Next is 
the Industry/Competitive layer, where uncertainties in the evolution of the industry, demand, 
growth rates or supply conditions, to name a few, arise. This layer of uncertainties is in the 
Corporate Context and can only be influenced at some extent by the system designers. The 
next outer layer is the Country/Fiscal one, where exists uncertainties that are hard to modify 
or out of the range of company's influence power. These are uncertainties in the Political & 

Cultural contexts such as terrorism, inflation, regulatory stability and intervention or legal 
stability. The layer that follows is the Market layer. In this context, uncertainties arise in 
prices of commodities, and exchange and interest rates. The most outer layer is related to 
natural phenomenon’s e.g. weather phenomena or geological formations. 
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Fig. 1 - Uncertainty Layers (according to Miller et al. (2001) and structed by De Weck et al. (2007)) 

 
In this layered uncertainty model one can see that the designers’ degree of influence and their 
ability to mitigate risks and exploit opportunities decreases from inside out. Uncertainties 
arising in the inner layers are related to endogenous contexts in which system designers have 
the ability to control the forces. Example of that are operational strategies or supply 
conditions. Such control does not imply that uncertainties are known or easy to tame, but in 
some sense, are uncertainties that are constant and have been studied for quite some time in 
the literature. Uncertainties in the outer layers tend to be more disruptive. Here is where most 
of the unknown unknowns are concentrated. 

 
Five Layers of Uncertainty 

Uncertainties arise in many levels being common practice to develop distinct models to deal 
with the different sets of uncertainty separately, being after merged into general framework to 
tame uncertainties at some extent. Kreye et al. (2011) presents a rather complete classification 
of uncertainties based in a comprehensive literature review. This review lead to the 
identification of the need of a holistic classification of uncertainty in order to accommodate 
different uncertainty aspects. The authors divide uncertainties into five distinct layer: Nature 

Layer, Cause Layer, Level Layer, Manifestation Layer, Expression Layer. Kreye et al. (2011) 
defines the different layers as follows: 

Nature Layer - Layer regarding generalized uncertainty characteristics, i.e. if uncertainties are 
due system parameters inherent variability (aleatory uncertainty) or general lack of knowledge 
(epistemic uncertainty). 

Cause Layer - Layer that defines uncertainties based on their source, for instance, lack of 
understanding, ambiguity and human behaviour. Example of uncertainties concerning this 
layer is the investigation performed by Yanagisawa & Mikami (2015), where it is stated that 
prior expectation alters the perception of physical variables. This hypothesis is validated 
conducting an experiment with subjects using the size-weigh illusion as a case of expectation 
effect. A simulation model, considering uncertainty, was proposed to explain expectation 
effect. Zhang et al. 2013 also investigates uncertainties related to human behaviour in 
scheduling to improve process predictability and efficiency and overcome conflicts of 
resources. 
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Level Layer - This layer classifies uncertainties regarding its severity, i.e. the level of 
information detained and the level of information that is missing in the description of a 
situation. 

Manifestation Layer - Deals with the point in the process where uncertainties occur. Kreye et 
al. (2011) not only introduces this classification, Five Layers of Uncertainty, but also focus in 
particular on this layer, where proposes a sub classification for the manifestation layer. 

Expression Layer - Layer that defines the treatment applied to the uncertainty. Quantitative or 
qualitative approaches.  

 
Imprecision, Inconsistency, Inaccuracy, Indecision, and Instability 

Wynn et al. (2011) defines Imprecision, Inconsistency, Inaccuracy, Indecision, and Instability 
as the main uncertainties that require understanding in complex engineering design such as 
the design of a manufacturing system. The first uncertainty, Imprecision, is associated mainly 
with early stage of the design process where exists an abundance of solutions and alternatives 
for system designers to apply. Inconsistency arises in the presence of information ambiguities, 
information contradictions or model simplifications. Inaccuracy arises primarily in early 
design stages where the lack of full knowledge or data leads to estimates that may contain 
errors. An iterative design approach during the various design steps its able to severely 
decrease this type of uncertainty. Indecision, is linked also with the abundance of solution and 
alternatives, and the tests conducted in early stages. Instability, may come from the lack of 
definition of requirements and specifications of the design process, Afshari et al. (2014). 
Eckert et al. (2004) gives the example of a receipt of a change request that could increase the 
expected instability in several design descriptions.  

 

UNCERTAINTY MODELING 

When modelling uncertainty two main approaches can be followed, a formal approach and a 
more practical one. As pointed out by De Weck et al. (2007) often methods based in more 
formal approaches with strong roots in probability theory are not accessible to system 
designers and engineers and thus cannot be incorporated in their thinking and work in 
progress. The authors suggest that this fact is due to obscurity and complexity of the 
formalisms and formulated theories that are not taught generally in engineering design. De 
Weck et al. (2007) states that others reasons are the harsh company environment to conceive 
design guidelines that take long to develop. Intensive schedule and money pressure are 
constants that lead to rapid generation of design methods. 

Formal Approaches 

In his book “Reasoning about Uncertainty” Halpern (2005) performs a comprehensive work 
about uncertainty where he presents four representations of uncertainty, all requiring 
numerical expression of likelihood of future events, structured and defined in De Weck et al. 
(2007) as follows: 

Probability: Extent to which an event is presumable to happen. Probability theory is a branch 
of mathematics with ground-breaking contributions in diverse areas such as physics and 
philosophy, to name a few. Powerful tools based in probability use probabilistic models of 
natural phenomena, probabilistic intuition, powerful mathematical techniques. 
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Bayesian Probability: Subjective or Bayesian probability is an interpretation of probability 
concept under the light of the Bayesian theory. The concept is based on a strength of 
subjective degree of confidence in a probable outcome. Bayes’ rule can be used as a general 
principle for how to learn from past experience. 

Dempster-Shafer Belief Functions: General framework for reasoning with uncertainty that has 
connections with probability, possibility and imprecise probability theories. First introduced 
in the context of statistical inference were later modified and turned into a framework to deal 
with epistemic uncertainty. This theory allows the combination of evidences from different 
sources to arrive at a degree of belief represent by belief functions.  

Possibility: Possibility theory is an uncertainty theory intended to handle with incomplete 
information. It differs from probability theory since it uses a pair of dual set-functions 
(possibility and necessity measures) instead of only one. These dual-functions allow the 
capture of partial ignorance. 

Practical Approaches 

This section comprises two parts. The first part is dedicated to a brief introduction of classical 
practical approaches when modelling uncertainty. In the latter part, examples of practical 
approaches to model uncertainty in some aspects of the design of complex systems are 
introduced. For each approach an example of applicability is presented based in research 
articles. A step-by-step detailed exposition of the approaches is not going to be performed for 
sake of brevity, since the intension is to familiarize the reader with the current situation point 
related to modelling uncertainty in design of engineering systems. 

Classical approaches 

Among the standard approaches to deal with uncertainty are Diffusion models, Lattice Models 
and scenario planning, a model with roots in the Delphi method. Both Diffusion models and 

Lattice models represent uncertainty as continuous variables. Representing uncertainty as a 
real variable is commonly use to forecast future values in electricity prices, stock prices or 
raw materials prices such as oil and gas. 

Diffusion and Lattice Models 

Diffusion models are currently an essential approach to describe performance and statistics in 
decision making. (Moreno-Bote, 2010). Most used models are based on a mathematical 
description of Geometric Brownian Motion (GBM) (De Weck et al., 2004). GBM is a continuous 
time stochastic process defined by: 

M�� = �H�À>ÁÂÃ�>, 
where Ä�� is the standard Brownian Motion, �H is the initial value, � is the drift parameter or 
in other words the mean trend over time, and � the volatility parameter that can be estimated 
based on the standard deviation of past values. GBM is widely use in economics for model 
market prices evolution due to its simplicity. As stated, the price of a commodity such as a 
raw material can be estimated using Monte Carlo simulation with GBM. Let’s consider the 
monthly price of aluminium in the last 30 years, Figure 2, forecasts of different scenarios can 
be done based on the Geometric Brownian Motion. Figure 3 shows the forecast for 5 different 
scenarios in the price of aluminium. 
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Fig. 2 - Aluminium prices in the last 30 years. 

 
Fig. 3 - Forecast of 5 different scenarios of Aluminium prices for the next 5 years 

As pointed out by De Weck et al., (2007) a big issue with diffusion models is the infinitude of 
future scenarios.  As De Neufville et al. (2004) stated if there’s no will to forego prediction of 
future states at any intermediate time periods and resorts instead estimate future states at 
relatively large time intervals one may apply a lattice model to uncertainty modelling. An 
example of these type of models are the Binomial lattice models that are basically decision 
trees. This allows the calculation of expected values.  

Scenario Planning 

Scenario Planning was established more than 30 years ago, and since then several techniques 
and methodologies have been developed (Bradfield et al. (2005)). In Schoemaker, (1991), the 
author defines scenario as script-like characterization of a possible future presented in 
considerable detail, giving a certain emphasis on casual connections, internal consistency, and 
concreteness. Moreover, the author states that good scenarios present more than an end-state 
description and they should reflect a variety of viewpoints with the purpose of covering a 
broad range of possibilities. In Scenario Planning the focus is not on forecasting the future 
nor fully define uncertainty, but rather bound uncertainty. Scenario Planning could prove to 
be worth using in systems with the following type of conditions: 

- Uncertainty is high, relative to the ability of experts to predict and/or adjust to it. 
- Several costly events have occurred in the past similar systems. 
- Inefficient generation of opportunities. 
- Low quality strategy thinking (common trail of too routinized strategic planning). 
- Industry has experienced, or is about to experience, significant change. 
- Desire of a common Language and framework. 
- Strong polar but valid opinions exist among the experts. 
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It’s worth to point out that scenario planning has several levels of analysis that should be 
considered when planning strategies.  

 
Fig. 4 - Levels of scenario planning analysis [Bradfield et al. (2005)] 

 
This stratification in levels of analysis helps the translation from high levels, such 
macroeconomic or political, to levels that can be directly linked to an option’s consequences.   
 
Current Applied Approaches  

The constant increase of complexity continues to be a central challenge faced by 
manufacturing system today. These systems operate in an environment of change and 
uncertainty (ElMaraghy et al., 2012). Complexity and the associated uncertainty has 
manifestations across all manufacturing environment: products, manufacturing processes and 
company structures (Wiendahl & Scholtissek, 1994). ElMaraghy et al. (2012) defines, in their 
article, the drives and enablers of manufacturing complexity, these drivers are present in 
Figure 5. 

 

Fig. 5  - Manufacturing complexity drivers. (source: ElMaraghy et al., 2012) 
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All these drivers affect, at some extent, the several design stages of manufacturing systems. 
There is a close relation between uncertainty and complexity. Moreover, uncertainty is seen 
by some as the core of complexity (Suh, 2001). ElMaraghy et al., (2012), defines a complex 
system as a system consisting of a large number of members, elements or agents, which 
interact with one another and with the environment. From this interaction new collective 
functional, structural, spatial, or temporal behaviours may emerge. The difficulty to model 
those complex behaviours can be a source of uncertainties in complex systems. Among 
others, complexities that introduce uncertainty in engineering systems are: Complexity in the 
definition of concepts in all ranges of abstraction; Complexity of identification and 
quantification of all the constitutive elements of a system; Complexity of the interactions 
between the said elements within the system; Complexity inherent to time-variant parameters; 
Complexity in defining the system's boundaries, even if fuzzy, and the interaction with the 
surroundings. ElMaraghy et al., (2012), proceeds to add that “a complex system is an ‘open’ 

system, in the thermodynamics sense, involving entropy principles, as well as involving 

nonlinear interactions among its sub-systems which can exhibit, under certain conditions, a 

degree of disorderly behaviour.”  
 
Agent-based Modelling 

Agent-based models are a class of modelling approaches that views complex systems as an 
aggregation of autonomous and interacting agents (Macal and North, 2010). Agent-based 
models not only have a wide range of applications but also their applicability spreads across 
several scientific domains.  

 
Fig. 6 - Overview of the key elements of agent-based models. (Adapted from Fernandes et al. (2015 

Figure 6 shows a representation of the agent-based model where can be seen its several key 
elements: agents, each with different behaviours and rules of decision; interactions that allow 
agents to influence other agents’ decision-based rules; the Environment is where agents are 
based and where they communicate with each other. Fernandes et al. (2015) presented a 
comprehensive work where an agent-based for Planning and rEsearch of eaRly dEsign 
(AMPERE) is developed aiming to support planning considering expectable levels of 
requirements change arising during early design stages. The authors identified that early 
design is the most dynamic and unpredictable stage of complex design processes. Agent-
based Modelling have the following advantages and disadvantages stated by Fernandes et al. 
(2015). Advantages: Allows to capture exploration, convergence, rework and negotiation; 
Allows to capture social interactions and collaboration; Allows to capture distributed 
decision-making and adaptive behaviour. Disadvantages: Not user-friendly; Not cost-
effective for well-defined processes; Difficult to visualize and implement for planning and 
control purposes. 
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Multi Objective Genetic Algorithms, Petri Nets, Bayesian uncertainty representation 

Konak et al. (2006) developed a robust manufacturing system design based in integrated multi 
objective Genetic Algorithm (GA) and Petri net based modelling framework coupled with 
Bayesian methods of uncertainty representation. This proposed approach was demonstrated 
on a manufacturing system configuration design problem in order to find the optimal number 
of machines in several different manufacturing cells for a multi-product producing system. 
Uncertainties in the processing times, equipment failure and repairs, and products demand 
were considered. The objective function aims at minimizing makespan, mean work in 

progress (WIP) and machine’s number. This framework was used to design, analyse and 
simulate candidate models while considering distribution model and parameter uncertainties. 

Multi Objective Genetic Algorithms 

Konak et al. (2006) defines Multi-objective formulations as “realistic models for many 

complex engineering optimization problems. In many real-life problems, objectives under 

consideration conflict with each other, and optimizing a particular solution with respect to a 

single objective can result in unacceptable results with respect to the other objectives”. In 
order to solve a multi-objective problem is necessary to investigate a large set of solutions, 
ensuring that each solution has the capacity to satisfy the all objectives with an acceptable 
amount of efficiency without being dominated by any other solution. In their work, Konak et 
al. (2006), present a complete list of another well-known multi-objective GA. 

Petri Nets 

Petri net is a mathematical model language design for the description of distributed systems. 
This logical network, as can be seen in Figure 7, is a directed bipartite graph comprised of 
two types of nodes: places and transitions. Places, represented by circles are the conditions 
and transitions, represented by bars are the events that may occur.  

 
Fig. 7 - Example of a Petri net representation. 

The connections between places and transitions are performed by arcs. The black circular 
marks are called tokens, and are able to move between two places (e.g. P1 and P3) in the 
network when a transition (e.g. T1) between the places is enabled and triggers. Each arc has a 
weight assigned, and the transition is allowed to fire when the amount of tokens in the input 
places (e.g. P1) matches the weight of the arcs connecting input and output places. Petri nets 
have a wide range of applications from manufacturing systems to communications protocols 
(Murata, 1989), or even to model design processes of automotive crankshaft and automate the 
interactions of concurrent activities (McMahon and Xianyi, 1996). Sharda & Banerjee (2013) 
develop a design for robust manufacturing systems via Petri net models that use Bayesian 
uncertainty representation to find performance measures to represent uncertainty. 
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FUTURE RESEARCH EFFORTS  

The industrial context in the last decade has significantly changed. Industry is experience fast 
advancements in technologies and applications leading to the emergence of many new 
manufacturing concepts (Qin et al., 2016). Industrial policies that foster social and 
technological innovation towards the new paradigm of industry 4.0 are being implemented in 
companies all around the world, changing the concepts and common understanding of 
manufacturing systems. Qin et al. (2016) also states that the future of current manufacturing 
systems is most likely to evolve in the direction of cyber-physical systems with new complex 
challenges and broader boundaries where customers and other stakeholders are brought closer 
and embedded in the manufacturing system. 

This new paradigm challenges designers of manufacturing systems being these challenges 
more prominent nowadays since there’s still a considerable gap between classic 
manufacturing systems and manufacturing systems intended to be implement under these new 
guidelines. Currently, the change in progress boosts manufacturing system designers to 
pursue the industry 4.0 goals and criteria when the latter are not yet well defined. This call for 
new and better tools for classify manage and model new types of uncertainties arising in this 
new environment. New ways of dealing with uncertainty such as flexible design approaches, 
metaheuristic approaches and machine learning aided algorithms have shown themselves to 
be good candidates in these new scenarios of uncertainty and complexity.  

 

CONCLUSION 

This paper summarizes methodologies to classify and model uncertainty when designing 
general complex systems such as manufacturing systems. First a definition of uncertainty is 
presented where is pointed out that uncertainty arises in a variety of different contexts and 
knowledge areas. After, it’s investigate the growing role of uncertainty in design research. 
The transversal uncertainty study and its contemplation in design methodologies shows the 
concern of design researchers in terms of mitigation and exploitation of uncertainty when 
designing an engineering system. State of the art classification of uncertainties was developed 
in which was introduced not only classic uncertainty descriptions but also more recent ones to 
couple with the evolution of concepts and frameworks. Lastly, theoretical and practical 
approaches to model uncertainty were introduced as well as some insights about future efforts 
in uncertainty mitigation and exploitation in a fast-changing manufacturing system’s 
environment.  
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ABSTRACT 

A 3D finite element model was developed to simulate the influence of secondary phases 

(precipitates or aggregates) on the inelastic stress-strain distribution of nickel-based alloys 

and concrete structures. In both situations, the digital microstructure code DREAM.3D [1] 

was coupled to ABAQUS® finite element code through a MatLab® program. 

Keywords:  heterogeneous materials, digital structures, constitutive behaviour, cement paste, 

aggregates, inclusions, nickel-base alloys. 

 

RESULTS AND CONCLUSIONS 

Representative Volume Elements (RVEs) of similar edge size but different inclusion 

(aggregate) size, morphology and distribution generated with DREAM.3D were tested 

with ABAQUS to investigate the relation between micro (and/or meso) and macro 

deformation and stress variables. Virtual specimens subjected to continuous monotonic 

strain loading conditions, were constrained with 3D boundary conditions. In the case of 

dual-phase polycrystalline nickel-based alloys, the difference in crystallographic 

orientation, which evolves in the process of straining, and the incompatibility of 

deformation between neighbouring grains were accounted for the evolution of 

geometrically necessary dislocation density, by the introduction of averaged Taylor 

factors, averaged young´s modulus and single phase elastic limit through the strain 

hardening model documented in Bonifaz and Richards [2]. In the case of concrete structures 

consisting of aggregates and hydrated cement paste, individual experimental curves in 

compression and tension documented in Bonifaz, et.al [3] were considered in the 

nonlinear analysis. 

 

Fig. 1 - A dual-phase RVE constrained with 3D boundary conditions and subjected to continuous monotonic 

strain loading applied on the top face along the y-axis a) Tension b) Compression. 
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The effects of the phase type, inclusion size, morphology and distribution upon the 

composite (nickel alloy) local response are clearly observed in Fig. 2. The resistance to 

flow is higher in structures composed of finer and homogeneous spherical and/or 

cylindrical precipitates because the mises stresses and effective plastic strains are better 

distributed. Results demonstrate a strong dependence of flow stress and plastic strain on 

phase type, inclusion (or aggregate) size, shape and distribution as shown in Fig. 3. The 

effect of plastic deformation gradients imposed by the microstructure is clearly observed.  

 

Fig. 2 - von Misses stress contours for a 50 micron RVE dual-phase nickel-based alloy under displacement 

loading along the y-axis  a) Mesh 1 b) Mesh 2 c) Mesh 3 d) Mesh 4. The elements considered in the analysis are 

also shown on the right. Stress units in 
�

���
. Element size = 1 µm. 

 

 

Fig. 3 - Stress-strain curves for the two analized concrete RVEs  a) Compression test b) tension test. 
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ABSTRACT 

The present work is an experimental and theoretical approach to synthesize and characterize 

Ni-Al submicron and nanosized composites reinforced by epoxy and carbon nanotubes. We 

should develop a molecular dynamics potential first for Al + Ni reaction, and then validate 

calculations with the experimentally obtained mechanical and energetic properties of the 

fabricated bulk nanosolids. The melodic will be developed and the calculations will be made 

to obtain the mechanical strength of the materials from the Ab-initio calculations. 

Keywords: atomistic modelling, energetic structural materials, strength calculations. 

 

INTRODUCTION 

The binary energetic materials are of significant interest because of their capability of 

releasing heat during chemical reaction. On another hand this type of materials provides an 

opportunity to develop dual functional materials with both strength and energetic 

characteristics. When mixtures like nickel and aluminum are synthesized at nanoscales, their 

mechanical strength can be increased because of the nanostructure, while their energetic 

characteristics are also improved significantly. These dual functional materials also have dual 

branches of failure criteria. One is the strength based failure criterion. The second is the 

reaction based failure criteria that implies that chemical reaction should not initiate when only 

strength is desired. However, a complete chemical reaction should take place when needed. It 

is thus, essential that mechanisms of chemical reaction and strength on atomistic level were 

understood. For atomistic modeling and abinitio first principles calculations we are using 

Density Functional Theory (DFT) and Molecular Dynamics (MD).  

Binary energetic materials are also of significant interest because of their capability to release 

substantial amount of heat during a chemical reaction together with their relative low 

insensitivity. A further issue of interest is the properties of binary energetic materials mixed 

with appropriate reinforcements. Using such reinforcements provides the dual functionality of 

structural strength along with the energetic properties. Among these, micron, submicron, and 

nanostructured composites have been the object of thorough investigation both in the field of 

numerical simulation and experimentation. First, we should develop a molecular dynamics 

potential for Al + Ni reaction, and then for the mixture, Al + Ni +C, and validate both with 

the experimentally obtained mechanical and energetic properties of these materials. 
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RESULTS AND CONCLUSIONS 

On the base on Quantum Mechanics approach the transition states are viewed as saddle points 

of the first order on the potential energy surface. The difference between energies on the top 

of the saddle point and on the minimum on potential energy surface (a stable state, e.g. for the 

reactants) is an activation energy of the reaction, calculation of which is one of our primary 

goals. 

When considering Al and Ni reaction, significant improvement should be done for MD to be 

applicable for simulation of complex materials consisting of two or more crystals systems. 

The main question before MD running is how to calculate interatomic potentials: exactly from 

DFT (some restrictions for calculation time due to the computer capacities and as a 

consequence it’s possible to catch up only the beginning of the reaction) or through fitting 

interatomic potentials (analytical expression and therefore the calculation time is several order 

less, but a lot of preliminary analytical work before calculations) (e.g. Pun & Mishin, 2009).     

Crystallographic experiments show that it is most likely the preferred final configuration of 

AlNi compound after the reaction is B2 structure, with Ni atom in the center. The fact that the 

melting temperature for Al is lower than for Ni gives the idea that possible mechanism of the 

Al/Ni reaction is liquid/solid type, which means atoms of Ni diffuse into solute of liquid Al 

after melting. In this scenario the number of atoms of Al is greater than the number of Ni 

atoms, therefore this mechanism leads to formation of Al3Ni compound, which is L21 

structure. While choosing the potentials this fact should be taken into account.   

Calculations for Al and Ni reactions will be made to understand at which temperatures the 

reaction starts for different pressures, and what the release of heat for different temperatures 

and pressures. Also, the melodic will be developed and the calculations will be made to obtain 

the mechanical strength of the materials from the Ab-initio calculations. 
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ABSTRACT 

Failure evolution due to contact/impact occurs in an interfacial region of certain size instead 

of an interface of zero thickness, which makes it questionable to adopt master/slave nodes at 

the contact surface as required in the conventional spatial discretization methods. To better 

simulate the contact/impact problems without invoking master/slave nodes, the Material Point 

Method (MPM) has evolved for more than twenty years. In this presentation, recent efforts in 

designing impact-resistant multi-layered composite systems with the MPM are described, and 

future research directions are discussed. 

Keywords:  impact-resistant design, interfacial failure, material point method. 

 

INTRODUCTION 

Model-based simulation, which allows detailed parametric studies and complements 

experiments, is playing an increasingly important role in evaluating the blast/impact-resistant 

structural designs. If the fidelity of model-based simulation is assured, the number of 

experiments could be reduced for verification and improvement of new composite system 

designs. However, how to effectively handle the multi-phase (solid-fluid-gas) interactions 

involved at different scales remains to be a challenging task in spatial discretization. As can 

be found from the open literature, there exist two types of spatial discretization procedures at 

different scales, namely, discrete ones such as molecular dynamics (MD), dissipative particle 

dynamics (DPD) and smoothed particle hydrodynamics (SPH), and mesh-based ones such as 

finite element method (FEM), finite difference method (FDM) and boundary element method 

(BEM). Discrete forcing functions with a certain cut-off radius for the domain of influence are 

used in discrete procedures while constitutive models are employed in mesh-based ones to 

predict internal interactions due to material deformation. For contact and impact problems, 

however, the mesh-based methods are limited due to the need for master/slave nodes which 

affects the fidelity in describing the interfacial failure evolution due to the size effect. 

To better simulate the multi-phase interactions involving failure evolution, the material point 

method (MPM) has been developed and applied to many areas in Simulation-based 

Engineering Science [Zhang et al., 2016], since its first journal paper was published [Sulsky 

et al, 1994]. The MPM is an extension from computational fluid dynamics to solid dynamics. 

The essential idea is to take advantage of both the Eulerian and Lagrangian methods while 

avoiding the shortcomings of each. In comparison with the other recently developed 

numerical methods, the MPM appears to be less complex with a cost factor of at most twice 
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that associated with the use of corresponding finite elements. In addition, the use of the 

single-valued mapping functions in the MPM results in a natural no-slip contact/impact 

scheme such that no inter-penetration would occur. The slip condition could also be 

implemented without invoking master/slave nodes. Furthermore, the MPM and FEM could be 

easily combined in a single computational domain because both methods are designed based 

on the same weak formulation of continuum mechanics. Since the MPM has the common 

feature of both discrete and mesh-based spatial discretization schemes, a particle-based 

multiscale simulation procedure has been proposed via the mapping-remapping process 

within the MPM framework, in which MD at nano scale is linked with DPD at meso scale 

hierarchically and the DPD and MPM at microscale are employed concurrently in a single 

computational domain [Chen et al., 2014; Jiang et al., 2015]. In addition, a computer test-bed 

is being developed for coupled thermo-mechanical analyses [Tao et al., 2016] such that the 

additive manufacturing process could be better designed. 

 

RESULTS AND CONCLUSIONS 

To develop innovative impact-resistant composite systems that are light, flexible and cost-

effective, the above computer test-bed is being employed to evaluate multi-phase interactions 

in layered composite systems. The preliminary study has identified the key system parameters 

such as the relative layer thickness, material anisotropy and boundary conditions. In the 

presentation, the effects of the key parameters on the system responses will be illustrated, and 

future research directions will be discussed. 
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ABSTRACT 

To develop an effective and efficient numerical approach for bird strike simulation, an 
adaptive shell material point method (ASMPM) is proposed, which takes full advantage of 
both the finite element method (FEM) and material point method (MPM). The MPM is 
employed to model the bird and the Belytschko-Lin-Tsay shell element is used to model the 
aircraft structure. The interaction between the bird and the structure is handled by a particle-
to-surface contact algorithm. The distorted or failed shell elements are converted to MPM 
particles adaptively.  

Keywords: bird strike simulation, material point method, shell element. 

 

INTRODUCTION 

Bird strike becomes a serious threat to the safety of the aircraft, and takes an important place 
in the aircraft certification process. Bird strike is a strongly nonlinear process, in which the 
bird undergoes extreme deformation while the aircraft structures may be destroyed. The Finite 
Element Method (FEM), Arbitrary Lagrange Eulerian (ALE) and Smooth Particle 
Hydrodynamics (SPH) methods are three most established numerical approaches to study this 
problem. However, the FEM encounters fatal problems of mesh distortion and entanglement, 
while the ALE is rather complex in capturing boundary and convection calculating, and the 
SPH is somewhat time consuming due to neighbor searching. There is no generally accepted 
uniform approach to bird strike simulation (Heimbs, 2011). The Material Point Method 
(MPM) (Sulsky, 1994) avoids the abovementioned shortcomings of both the FEM and ALE 
methods, and shows advantages of computational efficiency and stability over the SPH 
method. It has been widely applied to the problems involving extreme material deformation 
(Lian, 2013). Thus, the MPM is employed to model the bird in this talk. 

An aircraft is mainly composed of thin-walled structures, so that the shell finite element is 
efficient and accurate to model these structures in small deformation. Hence, a shell element 
is incorporated in our MPM3D code, and coupled with MPM particles based on a particle-to-
surface contact algorithm (Chen, 2015). To fully take advantages of both the FEM and MPM, 
the adaptive finite element material point method (Lian, 2012) is extended to bird strike 
simulation, in which the distorted and failed shell elements are converted to MPM particles 
adaptively. The proposed approach is first validated by several numerical tests, and then used 
to simulate a bird strike on an aircraft wing leading edge structure. 

 

RESULTS AND CONCLUSIONS 

The wing leading edge is one of the most likely place to be striked by a bird. As shown in 

Fig.1, the leading edge structure is composed of four ribs, one skin and one spar, which has a 
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length of 1200mm, a left height of 280mm and a right height of 240mm. The bird has a 

diameter of 93mm and a length of 186mm. The whole computational model include the bird 

and wing are shown in Fig.2. The bird and the wing is discretized by particles and shell 

elements, respectively. 

     
Fig. 1 - The wing leading edge                              Fig. 2 - The whole computational model 

 

Fig. 3 shows the cut shape of the structure in the end. All the results obtained by MPM3D are 

in good agreement with those of LS-DYNA, which gives strong evidences to the validation 

and practicality of our approach. Furthermore, MPM3D results are much more smooth than 

the DYNA results. 

 
Fig. 3 - Cut shape of the structure at the final moment 

 

This study shows that the adaptive shell material point method (ASMPM) is suitable to model 

bird strike simulation. 
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ABSTRACT 

A point-based method to construct meso-structure model of the woven composites is 

proposed. The point-based models can demonstrate more realistic details than the traditional 

mesh-based models because it is much more convenient to discretize only with points than to 

connect point into elements. After the reinforced structures are generated, the matrix points 

can be easily inserted in a uniform manner. The macroscopic responses of the composite 

material under extreme loading can be well predicted by the point-based model owing to the 

advantages of the material point method for problems of large deformation and fracture. 

Examples of calculating the elastic modulus, the forming process, and the perforation process 

of woven composites are simulated. Numerical results of meso-structure models agree well 

with experimental results. 

Keywords: multiscale modelling and simulation, woven composites, the material point 

method, large deformation, dynamic fracture. 

 

INTRODUCTION 

The woven composites have attracted wide attention (Tong, 2002) owing to their outstanding 

mechanical properties, which can be attributed to the complex meso-structure of the 

reinforced phase. It is not easy for the traditional mesh-based methods to discretize the woven 

meso-structure, and the existence of matrix material makes the discretization much more 

complicated. Even if the meso-structure is discretized, the large deformation or the fracture 

process of the woven composites when subjected to impact loading cannot be well simulated 

due to numerical difficulties aroused by mesh such as mesh distortion. 

The material point method (MPM) is one kind of meshfree particle methods (Zhang, 2016). 

The MPM does not encounter mesh distortion even with extremely large deformation, and the 

failure and fracture process can be easily simulated with the MPM. The efficiency of MPM is 

very high in the large deformation stage. Because the simulated object is discretized by a 

group of points, the discretization of complex structure is simple and straightforward. 

Owing to the aforementioned advantages, the MPM has been successfully applied in the 

impact problems, the explosion problems, the fluid-structure interaction problems, and the 

multiscale analysis (Zhang, 2016). Liu et al. (Liu, 2014) constructed the complex meso-

structure of the aluminum foam material based on CT images, and they successfully simulated 

the hyper-velocity impact process of the aluminum foam. 

A point-based modeling method to construct the meso-structure of the woven composites is 

proposed in this work. The shape of yarns is determined by observations from realistic 



Symposium-9: Computational Mechanics at Varied Length Scale 

 

 

-1508- 

specimen, and the woven structure can be discretized with uniformly distributed points 

because no connection between points is required. After the structure of the reinforced phase 

is discretized, the matrix points can also be easily inserted. The generated point-based meso-

structure model can be used to calculate the macroscopic properties of the composite. The 

responses of the composite under extreme loading can be well simulated with the meso-

structure model and the MPM. 

 

RESULTS AND CONCLUSIONS 

Several examples, which include calculating the elastic modulus of the woven composite, the 

forming process, the perforation of 2D plain woven fabrics, and the perforation of 3D woven 

composite plate, are simulated with the meso-structure model. The simulated results agree 

well with experimental results. Fig. 1 demonstrates the residual velocities of the projectiles 

after perforating the composite plate. 

 
Fig. 1 - Residual velocities of the projectiles versus the initial velocities 

This study proposed a point-based meso-scale modeling and simulating method for woven 

composites. More details of the meso-structure, such as initial defects and the interface effect, 

may be incorporated in the future study. 
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ABSTRACT 

This paper shows analysis of the influence of triaxiality on the fracture locus of Ti6Al4V 

titanium alloy at impact loading conditions. Tensile tests were carried at high strain rates 

using Kolsky bar technique. Four different geometries of specimens were applied in order to 

obtain a wide range of stress triaxiality. It was founded that investigated titanium alloy shows 

fracture mechanism introduced by Bao and Wierzbicki, i.e. at tensile loadings void formation 

is responsible for failure, whereas at shear loadings rupture is govern by shear bands 

formation. 

Keywords: titanium alloys, failure, fracture, anisotropy, hopopkinson bar. 

 

INTRODUCTION 

A new computer aided designing techniques requires new and more sophisticated material 

models to give prediction results as close as possible to reality. The problem of obtaining a 

good agreement between experimental and numerical results arises with increase of strain rate 

since at impact loading conditions viscoelastic properties must be taken into account. 

Moreover evolution of the fracture mechanism with the increase of strain rate is observed. 

Analysis based on the experimental and numerical results, carried out by Bao for 2024 

aluminium alloy (Bao, 2004), shows that the relation between the equivalent strain to fracture 

versus the stress triaxiality was quantified and it was shown that there are three distinct 

branches of this function with possible slope discontinuities in the transition regime. For 

negative stress triaxialities, fracture is governed by shear mode. For large triaxialities void 

growth is the dominant failure mode, while at low stress triaxialities between above two 

regimes, fracture may develop as a combination of shear and void growth modes. Further 

works over a fracture locus reveals that there is a cut-off value of the stress triaxiality equal to 

- 1/3, below which fracture never occurs. This feature was derived analytically from the 

fracture locus in the principal strain space experimentally reported from upsetting tests (Bao, 

2005). Similarly, fracture mechanism of austenitic steel was investigated for fracture 

mechanics specimens (tension, in-plane shear, and out-of-plane shear deformation mode) and 

undamaged standard test specimens (tension, torsion, and upsetting) in a uniform way. A 

fracture line was determined for the examined austenitic steel deformed in a stress triaxiality 

regime between 0 and 2.7. It was funded that the plastic equivalent strain at fracture decreases 

exponentially with increasing stress triaxiality ratio at fracture (Trattnig, 2008). 

The combined effects of strain rate and stress triaxiality on the material’s behavior were 

studied using notched axisymmetric specimens of the structural steel Weldox 460 E. High 

strain rate tests were carried out using a Split Hopkinson Tension Bar. The strength of the 
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material was found to increase with increasing strain rate, while for the ductility no significant 

effect of strain rate could be ascertained from the notched specimen tests. The ductility of the 

material was found to depend considerably on the stress triaxiality (Hopperstad, 2003). 

This paper is devoted to analysis of the fracture behavior of Ti6Al4V titanium alloy at both, 

low at high strain rates deformation. Therefore it is extension of studies introduced by Giglio 

concerning quasi-static fracture locus of Ti6Al4V titanium alloy (Giglio, 2012). Moreover, 

anisotropic properties of hot rolled titanium alloy sheet were considered. Numerical analysis 

of tensile tests introduced in the previous work (Moćko (2), 2015) shows that the strain, 

temperature and stress triaxiality distribution is non-homogenous in specimen cross-section 

perpendicular to the loading direction. The value of the strain, temperature and stress 

triaxiality also depends on the strain rate.   

 

EXPERIMENTAL METHODOLOGY 

The tensile tests were carried out using the servo-hydraulic testing machine manufactured by 

Instron company and pre-tension Hopkinson bar (Staab, 1991; Kolsky, 1949) at quasi-static 

and dynamic range of strain rates. The testing stand in Motor Transport Institute laboratory  

(Libura, 2014), shown in Fig. 1, is equipped with the bars of 20 mm in diameter made of 

7075-T6 aluminium alloy. The incident bar of 3600 mm in length is divided into a pre-tension 

section with a length of 1600 mm and a free end.  The clamp which confines the bar during 

initial loading with the use of a hydraulic actuator is placed between the pre-tension and free 

section of the incident bar. The transmission bar length is equal to 1800 mm. The history of 

elastic wave in the bars is determined using tensometers, than amplified at the broad-band 

bridge (Moćko, 2013) and finally recorded by a digital oscilloscope.    

The test was recorded using Phantom V1210 fast camera at a resolution of 384x128 and 

frame rate equal to 150000 at dynamic range of loading. In order to obtain clear view without 

blurring of measurement grid required in DIC analysis the shutter time was set to 2µs. Very 

short time of frame acquisition requires very strong lighting, therefore two COOLH 

illuminators emitting very focused light beam were applied. At the quasi-static deformation 

rates ARAMIS 4M video system with resolution equal to 2400 x 1728 pixels was used. The 

videos recorded during experiments were subsequently analyzed by DIC method implemented 

in the ARAMIS software to determine 2D field of displacement.  

Material was delivered in a form of hot rolled Ti6Al4V titanium alloy sheet of 3 mm 

thickness. The specimens were cut along three orientations with respect to the rolling 

direction, that is, RD - along, 45D - 45 degree and TD - transverse to rolling direction. 

Notched specimens with gauge length equal to 2 mm (R1), 5 mm (R5) and  10 mm (type A) 

were applied to enable various stress triaxiality coefficients during tensile test. Additionally a 

shear (SHEAR) specimens were designed and fabricated to obtain shear loading conditions. 

The same geometry was applied for both quasi-static and dynamic testing. Specimens shown 

in Fig. 2 and Fig. 3 were cut using electro-discharge machining (EDM).  

Stress triaxiality during tensile tests was calculated using FEM simulation.  Analysis were 

carried out using ABAQUS Standard software under quasi-static loading conditions. Digital 

models of specimens consists of 24554, 13070, 30555 and 10866 mesh elements respectively 

for type A, R1, R5 and shear samples. For geometry of type A, R1 and R5 C3D8R elements 

were applied, whereas for shear geometry C3D10M elements were used.  Values presented in 

Fig. 4 are an average value calculated from mesh elements located near fracture surface. 
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Fig. 1 - Scheme of split tensile Hopkinson bar (Moćko (1), 2015): 1—wideband amplifier, 

2—digital oscilloscope, 3—base, 4—pressure tank, 5—support, 6—pre-tension section of 

incident bar, 7—hydraulic clamp, 8—strain gauges, 9—free section of incident bar, 10—

transmitter bar. 

 

 

 

 

 

 
 

 

Fig. 2 - Geometry and dimensions (in mm) of pre-notched specimens of type A, R5 and R1. 

 

 

 

 

 
 

Fig. 3 -  Geometry and dimensions (in mm) of SHEAR specimens. 
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Fig. 4 - Loading path at quasi-static and dynamic loading conditions for specimens with 

gauge length equal to (a) 10 mm, (b) 5 mm, (c) 2mm and (d) shear specimen   

 

RESULTS AND CONCLUSIONS 

The course of stress triaxiality determined using FEM software is shown in Fig. 4. It may be 

observed that during plastic deformation a value of stress triaxiality slightly increases due to 

necking phenomenon. An average value of a stress triaxiality for each specimen geometry 

was selected for further analysis.  

As it may be observed in Fig. 5 tensile behavior of Ti6Al4V titanium alloy strongly depends 

on the loading orientation. The lowest fracture displacement was founded for TD, whereas at 

RD and 45D the values of fracture displacement were significantly higher. Moreover, 

evolution of the tensile force is also affected by angle of applied force with respect to the 

rolling direction.  
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Fig. 5 - Curves representing tensile force determined under dynamic loading conditions at 

various loading orientations 
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Figure 6 presents influence of the loading direction and specimen geometry on the fracture 

pattern. It may be observed that for the specimen marked as R1, corresponding to triaxiality 

equal to 0.7, fracture pattern obtained for TD and 45D are comparable, whereas pattern for 

RD is slightly different. In the case of R5 geometry (triaxiality equal to 0.6) fracture surface is 

oblique for the specimen loaded at RD direction, perpendicular for the specimen loaded at DT 

and split into two oblique surfaces for 45D. 

The most clear to observe differences in fracture pattern may be found in SHEAR specimens. 

At RD fracture begins with cracks transversal to the applied forces, subsequently longitudinal 

dominant fracture appears. At TD fracture in a form of a plane surface occurs at angle oblique 

to the applied force. Finally, at 45D fracture is also a plane surface, however its angle is 

parallel to the loading force. 

 

  

 

Fig. 6 - View of the specimen fracture region obtained at various geometries and loading 

directions  

 

 

Results of DIC analysis are introduced in Fig. 7. For the specimen of geometry marked as R1 

there is no clearly observed differences in strain distribution. For the specimen marked as R5 

strain pattern depends on the loading direction. In the case of RD strain shows maximum 

located in the specimen axis, perpendicular to the applied force. In the case of TD the strain is 

distributed in a form of wide area of equal strain. Finally, for 45D maximum of strain is 
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oblique to the applied force is observed. Strain distribution obtained using DIC technique for 

SHEAR type specimens were hard to analyse. The software was unable to catch displacement 

of narrow area of plastic deformation.  

Fracture strain estimated using digital image correlation method at various stress triaxialities 

and strain rates is shown in Fig. 8. It may be observed that similarly to Bao and Wierzbicki 

model Ti6Al4V titanium alloy loaded at direction RD and 45D shows clear to observe 

maximum at strass triaxiality equal to 0.5. At stress triaxialities higher than 0.5 void 

formation mechanism is responsible for the fracture, whereas at stress triaxialities lower than 

0.5 failure of the material is govern by shear band formation or mixed mechanism. 

In the case of loading force transverse (TD) to the rolling direction local maximum observed 

at 0.5 for other orientations is significantly diminished. The other observed phenomenon is 

decreasing of fracture strain with the increase of strain rate. It may be found that RD and 45D 

orientations are more sensitive to strain rate effect than TD orientation. 

 

 

 

 
 

 

Fig. 7 - The fracture locus of Ti6Al4V determined at (a) quasi-static and (b) dynamic 

loading conditions at various loading orientations 
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Fig. 8 - The fracture locus of Ti6Al4V determined at (a) quasi-static and (b) dynamic 

loading conditions at various loading orientations 
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ABSTRACT 

The behavior of the ice cover at blasting emulsion explosive was studied. Full-scale 
experiments on blasting the river needle ice were carried out. The objects of the study were 
the snow-covered ice cover, bar ice, sandwich structure ice and needle ice. Russian emulsion 
explosive Emulast AS-FP was used. The behavior of the ice at the underwater explosion was 

simulated by means of lagrangian numerical method. The research results obtained as videos, 
photos, graphics and tables, and configurations of a system "Ice - Explosive - Water". 

Keywords: ice destruction, explosive, full-scale test, UNDEX, numerical modelling. 

 

INTRODUCTION 

Nowadays, a research of the behavior of certain natural materials is relevant. This is due to 
the development of the northern territories, the extraction of natural resources in the Far 
North, etc. Currently, many scientists are studying the behavior of geological materials under 
dynamic loads (Pernas-Snchez, 2016). It is known that many natural materials under certain 
conditions have a common mechanism of failure. Ice is a little known natural material.  Now 
the modern failure concept of the ice is beginning to develop (Carney, 2006).  This is due to 
the complex structure of the ice, the presence of phase transitions during deformation, unique 
plastic properties, etc. There are over 16 types of ice and the latter type of ice has an 
extraterrestrial origin. In the United States was resumed the research program “SCICEX” 

which there is a collection of scientific data by the ships of the Navy. The existing 
experimental data on dynamic loading of ice is not consistent with each other due to the 
complex structure of ice. Experimental data on explosive loading of ice were not found 
(Orlov, 2015).  

In the Research Institute of Applied Mathematics and Mechanics at Tomsk State University 
has developed a new physical mathematical model of ice behavior under the shock and 
explosive loads. Numerical method for calculating shock and explosive loading of various 
natural materials was modified. Innovation consists of the improved algorithm for calculating 
the contact surfaces by blasting explosives of different masses. For the development of a 
numerical method requires reliable experimental data on the processes of destruction the ice 
with explosive conditions (Orlova, 2014). 

The current research presents the results of experimental and theoretical studies of freshwater 
ice at underwater explosion (UNDEX). For the full-scale experimental mobile laboratory 
"Explosive destruction of natural materials" was organized. The objective of mobilab is snap-

analysis of the behavior of natural materials under explosive. Theoretical studies carried out 
by numerical method (Glazyrin, 2008). 
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RESULTS AND CONCLUSIONS 

Figure 1a shows a blast lane in the ice cover of the needle after blasting 12 kg of emulsion 

explosives (TNT equivalent of 10 kg). Ice thickness was approximately 70 cm. The ice edge 

had stepped shape. Within a radius of 5 meters of ice fragments of varying sizes were found. 

Figure 1b shows the profile of the free surface velocity at blasting 4 kg of emulsion 

explosives (TNT equivalent of 3.3 kg). It is seen that the free surface velocity was 105 m/s at 

0,25 µs. The process of destruction of ice accompanied by mainline cracks in the area “Ice - 

Water - Explosive”.  

 

Fig. 1 - The experimental and numerical results: blast lane and velocity profile 

 

Thus, full-scale experiments blasting the river ice allowed to obtain diameter lane. Numerical 

modeling has allowed to make a quantitative assessment of the process of destruction of ice 

under the detonation products. 
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ABSTRACT 

The failure time of truncated conical shell under the impulsive local loading is investigated. 
Impulsive pressure is applied along the generators of the truncated conical shell. The material 
of design is aluminum alloy. Plastic flow aluminum alloy is considered for the Bilinear 
Isotropic Hardening model as well as Cowper Symond Strength model. Failure criterion is 
maximum equivalent plastic strain. Comparative analysis of the numerical simulations results 
was carried out for the two models. 

Keywords: conical shell, dynamic failure, Cowper-Symonds strength, local pressure. 

 

INTRODUCTION 

The dynamic strength and failure of the rocket fairing under the cumulative charge is 
investigated. The rocket fairing is modeled of the truncated conical shell. The action of the 
cumulative charge is modeled a local impulse pressure. This pressure varies with time 

according to a given law. Time of impulse action, maximum pressure and the width of the 
loading area are determined from the properties of cumulative charge. The material of 
truncated conical shell is aluminum alloy. Plastic flow aluminum alloy is considered for the 
following two models: Bilinear Isotropic Hardening model and Cowper Symond Strength 
model. The analysis of equivalent stress differences obtained from these models is carried out. 
Destruction time for the truncated conical shell is determined. Failure criterion is maximum 
equivalent plastic strain (Ben-Dor et al., 1013).  

 

RESULTS AND CONCLUSIONS 

The aluminum alloy shell is truncated cone: length L =  1.6 m with radiuses R1 = 0.34 m and 
R2 = 0.2 m, thickness h = 0.004 m. Band width of local pressure is s = 0.003 m along a 
formative shell. The maximum pressure is Pmax = 1.77 GPa. The equivalent stress for the two 
models are different, but the time failure is almost equal (Fig. 1.). The time of the dynamic 

rocket fairing failure is analyzed. In Fig. 2. are shown equivalent plastic strain in moments of 

time: 15  µs (in Fig. 2 a), 22.5  µs (in Fig. 2 b), 30  µs (in Fig. 2 c) and 52.5  µs (in Fig. 2 d). 
The numerical simulation analysis is shows: limit state in the truncated conical shell obtain at 

22.5 µs; plastic deformation are localized at thickness of the shell near loading zones. The 

construction is failured along loaded zones from 22.5 µs to 30  µs. The shell is completely 

failured at the time of 52.5 µs from the detonation start. 
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(a) 

 

(b) 

Fig. 1 - Time history of the equivalent stress for the Bilinear Isotropic Hardening model (a) 

and Cowper Symond Strength model (b) 

 

a) 

 

b) 

 

c) 

 

d) 

 

Fig. 2 - Equivalent plastic strain in time: a) 15 µs, b) 22.5 µs, c) 30 µs, d) 52.5 µs  

for Cowper Symond Strength model 
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ABSTRACT 

This work compares the quasi static and dynamic failure of two types of aeronautical alloy, 

namely AA2024 and AA7175. Low strain rate tensile tests were carried out at a strain rate 

range close to 10
-3 

- 10
-1

 s
-1

 and high strain rate compression tests using a split Hopkinson 

pressure bar (SHPB) device at a strain rate range between 2000-4500 s
-1

. The formation of 

shear localization bands, possibly adiabatic shear bands (ASB), can be seen on AA7175 as 

pre-failure mechanism during high strain rate compression. 

Keywords: aluminum alloy, high strain rate, adiabatic shear band 

 

INTRODUCTION 

Aluminum alloys are important materials for primary aircraft structures due to their specific 

mechanical properties, established design and manufacturing methods, good fatigue and 

corrosion resistance. AA2XXX and AA7XXX aluminum alloys are two of the most common 

series used for airframes, with copper as main addition element for the former series and zinc 

for the latter one, see Starke et al. (1996) and Dursun and Soutis (2014). Aeronautical 

structures may be subjected to accidental overloads as notably encountered during impact 

loading, including e.g. hail storm or bird strike, see Y. Yang et al (2008). It is thus of major 

interest to know the response of the structural materials under high strain rate loading. As 

ductile material, aluminum alloys are subjected to void growth induced damage. Now, under 

high strain rate loading involving quasi adiabatic conditions, it has been shown that high 

strength metallic materials may fail under a specifically dynamic localization mechanism 

known as adiabatic shear banding (ASB) which makes premature the ultimate fracture, see 

e.g. Longère and Dragon (2015) and Roux et al (2015) for Ti-6Al-4V titanium alloy and high 

strength steel respectively. ASB has also been evidenced in 2519A, 2195 and 7075 aluminum 

alloys under high strain rate loading, see Zhang et al (2008), Yang et al (2012) and Yang et al 

(2009) respectively. 

A comparative study of the low and high strain rate response of two types of lightweight 

aeronautical alloy, namely AA2024 and AA7175, is presented in the present work.  

 

EXPERIMENTS 

Two types of testing were done, compression and tension. Both tests were carried out using 

Institut Clément Ader laboratory testing facilities. Quasi static tension and compression tests 

were performed by using Instron electromechanical machine with load cell of 100 kN (see fig. 
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1a and 1b). Tension speed of 1.8 and 180 mm/min were applied. Quasi static tension tests 

were also carried out at temperatures of 100°C, 150°C and 200°C at a speed of 1.8 mm/min. 

The specimens were placed in a furnace at required temperature and heated during 30 minutes 

in order to allow temperature distribution for being homogenous in the specimen. 

Dynamic compression tests were performed by using split Hopkinson pressure bar (see 

fig.2a). Photron high speed camera was used to record the specimen deformation during the 

test. The camera can capture 250,000 frames per second (28 X 16 pixel
2
).  Lighting system 

was provided by two Dedolight HMI with power of 400W each (see fig.1b). 

 

    

  (a)                                                                 (b) 

Fig. 1- (a) Quasi static tension test (b) Quasi static compression test 

 

 

   

   (a)                                                                    (b) 

Fig. 2 - (a) Dynamic compression test using SHPB (b) Photron high speed camera and lighting 

 

Flat type tension specimens were used for quasi static tension tests and cylindrical shape 

specimens were used for quasi static and dynamic compression tests (see fig. 3a and 3b). 
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 (a) (b) 

Fig. 3 - (a) Tension specimen (b) Compression specimen 

 

 

RESULTS AND DISCUSSION 

Equivalent true stress versus plastic strain curves are plotted for each strain rate and for both 

materials in Figs. 4-6. According to Fig. 4, the initial yield stress of the 2024 aluminum alloy 

is close to 360 MPa (see Fig. 4a) and the one of the 7175 aluminum alloy is close to 470 MPa 

(see Fig. 4b). 

According to Fig. 6(a) the flow stress is increasing with increasing strain rate for AA2024 for 

every strain value from 0.02 to 0.1. Fig 6(b) shows the flow stress increasing with increasing 

strain rate from strain of 0.02 to 0.04 for AA7175. After this amount of strain there is no 

significance increase in AA7175 flow stress with increasing strain. AA7175 shows no strain 

rate sensitivity at larger strain value. 

Both AA2024 and AA7175 thus exhibits only slight strain rate dependence - in the range 

considered, see Fig.6. Under quasi static tension loading, both alloys exhibit strain hardening 

until necking. Under dynamic compression loading, AA2024 exhibits strain hardening all 

along the deformation process, i.e. up to a plastic strain value close to 0.3 for the tests carried 

out here (see Fig. 5a). 

The critical plastic strain value (marking the passage from strain hardening to strain 

softening) is close to 0.1 for the AA7175, i.e. much lower than the one of the AA2024 (see fig 

5b), and the strain softening is also more significant leading to a sudden drop in stress at a 

plastic strain close to 0.2 - this drop in stress is not observed on the AA2024. It must be noted 

that the strain softening is notably a consequence of the competition between strain hardening 

and (plastic dissipation induced) thermal softening under (quasi) adiabatic conditions. Quasi 

static compression for AA2024 shows strain hardening all along the deformation process, as 

for tension tests, (see Fig. 5a), whereas AA7175 shows strain hardening only up to 0.1 (see 

Fig.5b) then a plateau beyond this value. 



Symposium-10: Dynamic Failure and Crashworthiness 

 

 

-1526- 

 

 

    

                             (a)  AA2024                                                                     (b) AA7175 

 

Fig. 4 - Stress-strain curves for quasi static tension test at various strain rates. a) AA2024 and b) AA7175 

 

 

      

                                  (a) AA2024                                                         (b) AA7175                                         

     

Fig. 5 - Stress-strain curves for quasi static and dynamic compression tests. a) AA2024 and b) AA7175 

 

 

 

     

                                    (a) 2024                                                                        (b) 7175 

 

Fig. 6 - Variation of flow stress as a function of strain rate at constant temperature of 30°C for various 

amounts of plastic strain. 
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Figs.7-8 shows temperature effect on flow stress. Both alloys shows gradually decrease in 

flow stress with increase in temperature. AA2024 shows strain hardening even at 200°C (see 

Fig. 7a) but AA7175 exhibits a decrease in strain hardening at 150°C and almost no strain 

hardening at all at 200°C (see Fig. 7b). For AA7175 thermal softening thus begins to 

overcome strain hardening at a temperature of 150°C and above. 

Fig. 8 shows a temperature effect on flow stress for strain rate of 10
-3

s
-1

 for both alloys.  

According to Fig 8a, flow stress moderately decrease with the increase of the temperature. For 

AA7175 the flow stress is decreasing gradually up to 150°C before decreasing dramatically 

after 150°C (see Fig. 8b). It is clear that for AA7175 at temperature after 150°C the 

deformation resistance is dominated by temperature effect. 

 

 

    

                                    (a) 2024                                                                        (b) 7175 

Fig. 7 - True stress versus plastic strain for different temperature at constant strain rate 

 

 

 

     

                                    (a) 2024                                                                        (b) 7175 

Fig. 8 - Variation of flow stress as a function of the temperature for a strain rate of 10
-3 

s
-1

 for various 

amounts of plastic strain. 

 

Fig. 9 shows the specimen after quasi static compression test. AA2024 shows very small 

barreling effect and keeps a circular cylindrical shape (see Fig 9a) whereas AA7175 shows a 
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strong barreling effect and macroscopic slip planes across the specimen (see Fig 9b). Fig. 10 

shows the microstructure of both alloys after quasi static compression test. Fig 10(a) shows 

that the microstructure remains quasi homogeneous for AA2024. By contrast, for AA 7175 

the microstructure shows heterogeneous plastic deformation (see fig. 10b). 

Fig 11 shows the specimen after dynamic compression test at a strain rate of 2200 s
-1

. The 

microstructure of the AA2024 specimen is homogeneous (see Fig.12a) whereas the 

microstructure of the AA7175 specimen exhibits a cross shape band. According to Fig. 12, 

the deformation of the specimen made of AA2024 remains (quasi) homogeneous. By contrast, 

one can clearly observe crossed shear localization bands (ASB) within the specimen made of 

AA7175 in Fig. 12 (b). The presence of these bands explains the premature failure of the 

specimen made of AA7175 featured by the drop in stress observed on the stress-strain curve 

in Fig. 5(b) for strain rate of 2200 s
-1

. 

 

  

                           (a) AA2024                                                        (b) AA7175 

Fig. 9 - Specimen shape after quasi static compression 

 

 

 

  

(a)  AA2024                                                       (b) AA7175 

Fig. 10 - Microstructural view of specimen for quasi static compression at 0.003 s
-1 
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(a) AA2024                                      (b) AA7175 

Fig. 11- Specimen shape after dynamic compression at 2200 s
-1 

 

 

   

                                               (a) AA 2024                                        (b) AA 7175 

Fig. 12 - Microstructural view of specimens for compression at 2200 s
-1 

 

CONCLUSIONS 

No strain rate sensitivity is observed for both AA2024 and AA7175 in tension within the 

quasi static range between 0.001 s
-1

 and 0.1 s
-1

. There is only a slight strain rate dependence in 

compression for both alloys in the considered range. AA2024 shows work hardening at larger 

strain compared to AA7175. Both alloys are strongly temperature dependent. Strain hardening 

effect is only significant at temperature lower than 150°C for AA7175. Fracture analysis and 

microstructure study shows an important role of shear localization in the quasi static and 

dynamic failure of AA7175. 
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ABSTRACT 

Strain rate behaviour of two structural steels are investigated using a combined method of 
Hopkinson bar technique for the mechanical characterization at high strain rates. In this 
method, at the same physical experiment two steel cylindrical specimens of the same material 
are tested: first miniaturized (small) specimen during direct impact compression test using 
measuring bar, i.e. input bar, and second standard (large) specimen during compressive split 
Hopkinson test using two measuring bars, i.e. input (incident) and output (transmitter) bars. 

Keywords: building steels, dynamic behaviour, split Hopkinson pressure bar. 

 

INTRODUCTION 

There are two following versions of the direct impact compression test (DICT) using 
Hopkinson bar technique (Bragov et al., 2014): 

I) A massive striker (projectile) is used, which has the stored kinetic energy many times as 
much as the work of elastic-plastic deformation for the small specimen with L10 in length and 
D10 in diameter. In this case, the velocity V0 of the striker is considered constant or slowly 
varying during the entire deformation process of this small specimen - see Figure 1. 

  

 

 

 

Fig. 1 - Scheme of first (I) version of the direct impact compression test (DICT), where T1 - strain gauge. 

II) A striker (bar-projectile) of a considerably lower mass and the same diameter as the 
measuring bars is used for impact compression of small specimen. The loading process of two 
specimens, i.e. small one with L10 in length and D10 in diameter, and large one with L20 in 
length and D20 in diameter, is the wave nature here - see Figure 2. 

 

 

 

 

 

Fig. 2 - Scheme of combined method including second (II) version of DICT 
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RESULTS AND CONCLUSIONS 

Some examples of obtained results for determining dynamic properties of Polish 3St3SY steel 

testing two small (1) and large (2) specimens in the same physical experiment with combined 

Hopkinson bar technique are presented in Figure 3. 

  

 

 

Fig. 3 - Time history of strain rate, strain and stress for small (1) and large (2) specimen. 

It is noted that the combined method of Hopkinson bar technique makes possible to determine 

dynamic deformation diagrams of one material for various regimes of strain rates in the same 

experiment using DICT in combination with Kolsky methodology (SHPB). 
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ABSTRACT 

The experimental analysis presents elastic-plastic vibration behaviours of duralumin square 

plate models of with various boundary supports and their thicknesses, under impact force 

loaded at the middle for slabs. The applied impact loading on models of slabs was obtained 

from tests carried out on the Hopkinson measuring bar. The strain gages readings during the 

impact were recorded and used to determine the impact time-force curve. The experimental 

setup was equipped with two high speed cameras and one laser vibrometer during physical 

experiments. Next, transverse displacements, velocities and accelerations of some surface 

points of slabs after impact were obtained by the software of these cameras and vibrometer. 

Recorded images played back in slow-motion show clearly both the vibration of tested slabs. 

The main experimental results of presented experiments with striker velocity consist of 

following curves that describe for the impact location: the impact force, transverse 

displacements, velocities and accelerations of some surface points of tested model of square 

slab, and comparison of transverse velocities of surface points of tested model of slabs, as 

well as permanently deformed above models of slabs after experiments. The dynamic 

experiments show that the plastic deformation in models of slabs, adjacent to the impact 

location, is due to dominant bending modes. Most of the plastic deformation is confined to the 

impact zone of tested models of slabs. The plastic strain magnitude and distribution near the 

impact zone is similar for all tested impact locations. The conversion of impact energy into 

kinetic, elastic strain energy and plastic dissipation work is characterized for various 

boundary conditions of models. 

Keywords: free vibrations, square plate models, Hopkinson bar, elastic-plastic material. 

 

EXPERIMENTS AND RESULTS DESCRIPTIONS 

The results of experimental studies for elastic-plastic free vibrations of duralumin plate 

models are presented here. The tested plate models were made of duralumin type EN AW-

6063. One of several plate models used during the physical experiments is presented in Fig. 

1.a). Square plate models of 600 mm x 600 mm were supported in two boundary 

configurations, i.e. freely supported and full fixed boundary conditions. First support on the 

perimeter of plate model was free on external edges and the second one: all edges were full 

fixed. Plate models were of three thicknesses: 5 mm, 10 mm and 20 mm. Laboratory 

experiments were performed with the use of Hopkinson measuring bar to dynamic loading of 

tested plates as well as to register dynamic force for free vibrations, as important element of 
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an experimental set-up [1] - see Fig. 1.b) as important element of an experimental set-up used 

also in previous experiments for testing of free vibrations of beam model (Jemielita el al., 

2016). The experimental set-up has following four measuring systems. First, optic gate was 

used to measure the striker bar impact velocity. Second, incident bar has impact force gauge 

measuring system. And finally third and fourth, deflections of plate were measured using two 

high speed cameras and laser vibrometer. 
 

      

(a)                                                                        (b) 

Fig. 1 - Duralumin plate model of 20 mm in thickness, used in laboratory experiment No 403 (a); Hopkinson 

measuring bar (b) 

 

RESULTS AND CONCLUSIONS 

Some examples of experimental results for determining dynamic forces causing elastic-plastic 

free vibrations of duralumin plate models, obtained from Hopkinson measuring bar are 

presented in Fig. 2. 

  

Fig. 2 - Time history of dynamic forces for two examples of tested plate models. 

Due to limited volume of the abstract, more results of elastic-plastic vibration behaviours of 

tested plate models of with various boundary supports and their thicknesses will be presented 

in details during M2D2017. 
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ABSTRACT 

The study of physical and mechanical properties of soils under dynamic loading is carried out 

for a long time. This paper presents the results  of reversed ballistic experiments with targets 

of  dry and water saturated sand and the results of calculations. The flat end of measuring rod  

was used as a projectile. From the calculations, it follows that there is almost complete water 

saturation of compacted sand its shear properties are reduced, however, they are essential and 

need to be considered when assessing the penetration resistance of solids into the water 

saturated sand. 

Keywords: dry and water saturated sand, reversed ballistic experiment, shear properties, 

penetration resistance 

 

INTRODUCTION 

Physical-mechanical characteristics of sandy soils under dynamic loading have been studied 

long enough (Omidvar, 2012). The developed plane-wave experiment methodologies make it 

possible to determine the shock adiabat of dry and wet sand in the loading range of up to 

several GPa (Dianov,1977; Bragov,1993; Arlery, 2010), whereas shear properties are 

determined experimentally, using the modified Kolsky methodology, for substantially lower 

pressures (Bragov,1996; Bragov,2004; Martin, 2009; Balandin, 2015a). 

It is known that compaction of sand results in the changes of its strength properties, leading, 

for example, to substantially changing penetration depths of strikers. The inverse experiment 

methodology (Balandin, 2015a; Bragov,2006) makes it possible to determine both shock 

adiabats of dry sand with increased density, based on maximum values of the resistance force 

and quasi-stationary resistance forces (Balandin, 2016). It was shown earlier that shearing 

characteristics of soils correlate with the values of the resistance force at the quasi-stationary 

stage of penetration (Kotov, 2013; Bazhenov,2008; Bazhenov,2009). 

The present paper presents the data of the laboratory studies of dynamic compressibility and 

shearing resistance of a sandy soil based on the experimental-computational analysis of the 

resistance force values at the quasi-stationary stage of the penetration of a cylindrical 

measuring rod striker with a flat end in the framework of the inverse experiment 

methodology. It is shown that shearing properties of a practically fully water-saturated sand 

degrade bur remain substantial enough to be taken into account. The obtained results will be 

useful in analyzing applied problems of penetration of solids into soil media. 
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CHARACTERISTIC FEATURES OF DYNAMICALLY TESTING WATER-

SATURATED SOILS IN THE INVERSE EXPERIMENT  

Methodology of the Inverse Experiment 

A simple and effective inverse experiment methodology for investigating dynamic properties 

of soft soils and other low-density media is described in detail in (Bragov,2006). The 

experimental set implementing this method is schematically presented in Fig. 1 (Balandin, 

2016). In the present version of the inverse experiment, a container with soil is accelerated 

using a 57mm-dia gas gun (1) with a two-diaphragm breech block (2), providing stable and 

easily controlled impact velocities in the range of 50 to 500 m/s. 

The container is a thin-walled cartridge of the D16-Т aluminum alloy (3), filled with a soil 

medium (4). To prevent the soil from spilling in the course of preparing the experiment and 

during acceleration, the front part of the cartridge is sealed with 0,01mm-thick lavsan film (5). 

The film is secured and fitted to the soil surface with a vinyl-resin ring (6). 

The impact velocity of the container was determined using two electric contact gages (7) 

situated in the holes in the barrel, drilled near its muzzle. A 1.5m-long 20mm-dia steel rod 

with the yield strength of over 2000 MPa was used as a force-measuring rod (8). One of the 

ends of the measuring rod has a threaded hole (М10) housing a threaded cylindrical striker of 

a required nose geometry (9). The rod is located at a distance from the barrel muzzle, so that 

the impact takes place as soon as the container completely leaves the barrel. The base 

supporting the rod is equipped with adjusting supports (10) which make it possible to provide 

an axisymmetric character of the interaction. The rear end of the rod rests against a special 

support (11) preventing its displacement and damping the impact energy. The impact takes 

place in a vacuum chamber (12), connected to the gun barrel (13), and housing measuring rod 

(8) with striker (9). The 19,8mm-dia striker heads with the hemisphere radius of 10mm were 

made of the 45 steel (σт≥600 МPa) and the EP638 steel (σт≥1800 МPa).  

 
Fig.1. - Schematic view of the stand for measuring penetration resisting forces in the inverse experiment. 

The soil-filled container is accelerated up to required velocities using the gas gun and hits the 

flat end of the measuring rod, in which elastic strain pulse е(t) is formed. By registering this 

pulse on the surface of the measuring rod it is possible to evaluate force F, acting on the 
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striker interacting with the medium, using a known relation F(t)= Ее(t)S0, where Е is elastic 

modulus of the rod, S0 is cross-section area. Using Hugoniot relations along the rod-soil 

interface, shock wave velocity D  is found as a function of mass velocityu :  

( ) ( )00uSFuD ρ= , ( )000 ScFVu ρ−= ,    (1) 

where 0c  is propagation velocity of the longitudinal wave along the rod, andρ is material 

density of the rod.  

Dynamic compressibility of a soil, as well as of a number of other compressible materials, is 

characterized by a shock adiabat, which can be represented in the form of a linear relation: 

buAD +=        (2) 

Constant A  is close to the propagation velocity of a plane compression wave along the soil at 

low pressures, and b  characterizes limiting compressibility of the soil.  

It is known that the plane wave propagation velocity in a soil increases with the level of 

water-saturation, and so does the unloading wave velocity. This results in a smaller duration 

of the compression pulse in the measuring rod as compared with a wet soil (Kotov,2016). So, 

in the case of water-saturated soils, determining the force acting on the striker, using strain 

pulse values on the surface of the measuring rod, becomes problematic due to the distortion of 

the pulse form because of the dispersion in the process of its propagation along the measuring 

rod, which was noted earlier by H. Kolsky, R. Davis and other authors (Gorham, 1983; 

Follansbee, 1983; Tyas, 2014). 

Experimental Conditions 

The experiments were conducted with a sandy mixture of a natural composition, from which 

particles of bigger that 1mm and smaller than 0.1mm were removed. The launched containers 

were filled with dry sand, which was then slightly compacted. The containers were weighted 

to determine the density of the dry sand and then were filled with a certain amount of water 

up to the full saturation. Then the containers were weighted again to determine the density of 

the water-saturated sand and its humidity relative to its initial density. Average density of the 

initial dry sand and of the water-saturated natural mixture were 1750 3/ mkG  and 2090 
3/ mkG , respectively. The sand consists mainly of quarts particles with the of 2650 3/ mkG , 

thus, porosity of the sand is 0.34. When these cavities are completely filled with water, 

density of the wet sand must increase by 340 3/ mkG , and the density of the water-saturated 

sand must be equal to 2090 3/ mkG , which was practically the case in the preparation of the 

experiments. 

The 0.0205 m -dia steel measuring rod was 1.5 m -long; the density of the rod material was 

ρ = 8050 3/ mkG , Young modulus was E =186 GPa , yield strength was 2 GPa , wave 

propagation velocity along the rod was ρEc =0 = 4807 sm / . 

Fig.2 shows time histories of resistance to penetration of a flat-nosed striker into a dry (curves 

1, 2) and a water-saturated (curves 3, 4) sandy soil at impact velocities of 182 and 192 sm / , 

respectively, as observed in inverse experiments. The experimental data correspond to the 

readings of the strain gages cemented to the surface of the measuring rod at a distance of 0.46 

m  and 0.96 m  from the impacted end. The time histories are displaced along the time axis to 

be clearly discerned.  
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The data depicted in Fig. 2 clearly shows the effect of geometrical dispersion during the 

propagation of a strain pulse along the measuring rod, which is manifested in decreasing the 

amplitude and steepness of the pulse front, increasing its duration and the appearance of 

oscillations. For the dry sand soil, the dispersion effect is small. In the case of the water-

saturated soil, the distortion of the pulse form and the decrease of its maximum value during 

its propagation along the measuring rod is more pronounced (Kotov,2016). 

 

Fig. 2 - Time histories of the penetration resistance force obtained in inverse experiments for penetration 

velocities of 182 and 192 sm /  in a dry and a water-saturated soil, respectively. 

 

Determining the Quasi-Stationary Value of the Resistance Force 

In works (Follansbee, 1983; Tyas, 2014; Tyas, 2005) allowances for dispersion were 

introduced to correct the pulse form, based on the exact solution of Pohgammer-Cree for an 

infinite elastic cylinder and using   Fourier transform. In the experiment, a strain pulse on the 

surface of the measuring rod is discretely represented as a set of points ( )nn tee = , tntn ∆=

, 1,0 −= Nn , where t∆  is discretization step. The dispersion effect for a pulse propagating 

to a distance of 0z  from the end of the rod results in a frequency displacement of ϕ∆  in each 

of the harmonics of the Fourier series (Tyas, 2014) 

There also exist modifications of the pulse reconstruction methodologies, based on the exact 

solution of R. Davis of the problem of propagation of a longitudinal harmonic wave in an 

elastic circular cylinder, accounting for the non-uniform strain distribution along the cross-

section (Tyas, 2005). In this case, Fourier series expansion coefficients are also corrected. By 

multiplying each harmonic of the Fourier series by 1M , the strain on the surface  of the 

measuring rod is transformed into an average strain over the cross-section, whereas using 

multiplier 2M  makes it possible to compute average pressure (Tyas, 2005). 

Earlier, to verify the pulse form correction methodology used, the dynamic process of the 

impact pulse formation was numerically modeled using a modified Godunov method and its 

propagation along the measuring rod using the “cross” scheme, accounting for its axial 

symmetry in a formulation corresponding to the inverse experiment (Kotov,2016).  
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Consider one of the results of an inverse experiment, in which a container with water-

saturated soil impacts the flat end of the measuring rod at a velocity of 0V =320 sm / . The 

pressures on the contact surfaces of the rod and the soil at the moment of impact are equal, 

which, taking into consideration (1), (2), makes it possible to obtain an equation for 

determining mass velocity u , corresponding to impact velocity 0V : ( ) ( )ubuAuVc +=− 00 ρρ , 

where c  is distribution velocity of a longitudinal wave in a half-space ( c = 5600 sm / ); 

thus, the values of velocity u =283 sm /  and maximum stress 1.4 GPa  are found. The 

corresponding maximum value of the force acting upon the front end of the rod is 450 kN .  

 

Fig. 3 - Force pulses corresponding to the strain on the surface of the measuring rod, as obtained in an inverse 

experiment (curves 1 and 2) and computationally (curve 3). 

 

Fig. 3 depicts resistance forces to penetration of a striker into a water-saturated soil at a 

velocity of 320 sm / . Curve 1 corresponds to force ( ) 0StEeF = , where strain pulse ( )te  is 

registered on the surface of the measuring bar at a distance of 0.96 m  from its end; curve 2 

represents experimental data with the account of dispersion and of the non-uniform strain 

distribution over the cross-section of the rod according to formulas (2); curve 3 shows the 

results of computations. For a more vivid presentation, the pulses are displaced along the time 

axis to the origin of the coordinates. 

Proximity of the numerical and experimental results at the quasi-stationary stage of 

penetration and substantial difference in the maximum values are noted.  

Fig. 4 presents the amplitude-frequency characteristic of strain pulse ( ( )πω 2=f ) 

propagating along the rod. Curves 1 and 2 correspond to the experimental and computational 

results for a pulse at a distance of 0.96 m  from the bar end, curve 3 represents the specter of 

the computed pulse at the bar end (curve 3 in Fig. 3). It is to be noted that for the frequency of 

over kf =140 kHz  the amplitude of the pulse propagating along the rod drops to zero, 

whereas the initial pulse amplitude at the bar end is non-zero.  
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Fig. 4 - Amplitude-frequency characteristics of the pulses in the measuring rod 

 

The above frequency, as was earlier noted in (Kotov,2016; Gorham, 1983; Follansbee, 1983; 

Tyas, 2014; Tyas, 2005; Balandin Vl.Vl, 2016), is critical for a rod of the given radius. Thus, 

the employed pulse form correction procedure does not make it possible to determine the 

maximum of such a short pulse, however, the resistance force value at the quasi-stationary 

stage of penetration, settling after an abrupt drop, is determined fairly accurately.  

 

NUMERICALLY MODELING PROCESSES OF IMPACT AND PENETRATION 

INTO WATER-SATURATED SOIL 

Approximation of the Shock Adiabat of the Soil 

The representation of the shock adiabat (2) in the form of linear relation ( )uD  using Hugoniot 

relations Du0ρσ = , Du=θ  can be transformed into ( ) ( )22

0 1 θθρθσ bA −= , ρρθ 01−= , 

where ( )θσ  is stress as a function of volumetric strain, 0ρ  and ρ  are initial and current soil 

density.  

To conduct strength analyses of a soil mixture in a wide parameter range, the following 

equation of state of a model of a multi-component medium can be used as a fairly accurate 

approximation of the shock adiabat:  

∑
=

−
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where 
321 ,, ααα  are volume concentrations of free porosity (pinched air and/or other gases), 

liquid (water) and quartz; 
0iρ  and 

0ic , 3,2,1=i  are densities and propagation velocities of the 

longitudinal waves in the corresponding components, ,ρ σ  are density and mixture pressure, 

0ρ  are initial values, 
3032021010 ραραραρ ++=

, 
1321 =++ ααα

 
 

the known values of the constants from equation (3), pertaining to the shock adiabat 

parameters of water and quartz, are listed in the following table:  
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Table 1 - Shock adiabat parameters of water and quartz 

i  0iρ , 
3/ mkG  iB , MPa  in  0ic , sm /  

2 1000 304.5 7.15 1475 

3 2650 9118.7 4 3710 

 

Values 10ρ
, 1B , 1n , corresponding to the compressibility of initial free porosity, are not 

related with the compressibility of the gas component and are experimentally determined for 

each soil in particular. 

Earlier, results were obtained (Balandin, 2015a) in plane-wave experiments with sand 

specimens with the particle sizes of 0.2-0.315 mm in the velocity range of 100 - 500 sm / , 

where shear properties of sandy soil are considerable. The density of dry sand was 1600± 50

3/ mkG , the density of water-saturated sand was 1900 ± 50
3/ mkG .  

The parameters of state equation (3) for the dry and wet soils were as follows: the value of 

free space density was taken to be equal to the density of air 10ρ
=1.300 3/ mkG , whereas 

parameters  1B  and 1n  were chosen using the least square method as those which provide the 

best agreement with the experimental results for the dry soil. Humidity of the soil was 

determined using the following formula: %100
303

3030 ⋅
−

=
ρα
ραρ

w .  

In (Balandin, 2016), maximum resistance force as a function of impact velocity ( )0VF  were 

obtained for the interaction of a sandy soil of average density 0ρ =1725 
3/ mkG  and 

w=0.1%, with a cylindrical rod with a flat front end; in the same work, shock adiabat 

constants (1) A=455 sm / , b=2.25 were determined (Balandin, 2016).  

For the parameter values of a three-component mixture of 1α =0.3486, 2α =0.001, 
3α = 

0.6504, initial density 0ρ =1725 3/ mkG  and soil humidity w=0.1%, the value of the constants 

of equation (3), corresponding to the porous component, were determined as: 
1B =103 MPa  

and 1n =1.4. For a soil with humidity w=18% and initial density 0ρ =2035 3/ mkG , the values 

of the parameters of equation (3) were found as: 1α =0.0396, 2α =0.31, 
3α = 0.6504. 

Shock adiabat constants (1) were obtained based on three-component equation (3) for mass 

velocity u  changing in the range of 50 to 350 sm /  and for soils of various humidity values, 

as summarized in the following table 2:  

 

Table 2 - Shock adiabat constants ( )uD  of the water-containing soil 

№ w, % 
0ρ , 

3/ mkG  A , sm /  b  

1 0.1 1725 455 2.25 

2 10 1895 645 3.2 

3 18 2035 1290 3.6 

4 20 2075 1700 3.5 
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Numerical modeling methodology 

The computations were done using the “Dinamika-2” software complex (Abuzyarov, 2000; 

Bazhenov, 2002), implementing Grigoryan’s mathematical model of the dynamics of 

elastoplastic soil media. The main relations of the model are written in a cylindrical 

coordinate system as a set of differential equations expressing laws of conservation of mass, 

pulse, and maximal density reached in the process of actively loading the soil, as well as 

equations of plastic flow with Mizes plasticity condition  

ruuudtd rzzrr /)()(/ ,, ρρρ −=++ , 

rdtdu rrzrzrrrr /)(/ ,, θθσσσσρ −=−− , 

rdtdu rzzzzrrzz /)(/ ,, σσσρ =−− , 

)/()(// ** dtdHdtHddtd ρρρρρ −= , 

),,(,2 zrjiGessD ijijijJ ==+ λ , 

2

3
2

T
ij

ijss σ≤ , 

where t is time, ρ  and *ρ  are initial, current and maximal density reached in the loading 

process, iu , ijσ , ijs , ije  are components of the velocity vector, of Cauchy stress tensor and 

of deviators of stress tensors and strain rates, p is pressure, H is Heaviside function, JD  is 

Yauman derivative,  d /dt  is complete time derivative, G is shear modulus, σT is yield 

strength, with the summation over the repeated indices. Parameter λ = 0 for elastic 

deformation, but λ > 0, if the plasticity condition is realized. 

The system is closed with finite relations (Bazhenov, 2003), determining dynamic 

compressibility p =f1(ρ,ρ*)H(ρ* -ρ)H(ρ0-ρ) and shear resistance of the soil medium σT = 

f2(p), where ρ0 is initial density. 

The striker is assumed non-deformable, moving as a rigid body normally to the free surface of 

the soil at a constant velocity (the formulation is close to that implemented in the inverse 

experiment). The value of resistance force to the penetration of the striker F at each time step 

of the analysis is calculated by integrating the stresses at the wetted surface of the striker. F=

[ ]∫∫ +
S

n dSτn τσσ , where nσ  and τσ  are normal and tangential stresses, n and ττττ  are unit 

vectors of the internal normal and a tangent in the body surface element. 

Changing of the contact surface in time is accounted for using the contact algorithm of 

“impenetrability” along the normal with “the sliding along the tangent with dry friction” 

ssss qquu ′′−=′′′=′ ,&& , 
( )

.
,

,







>⋅

≤
=′=

ξξ

ξ

qkqqsignqk

qkqq
qq

ss

ss

ss  

where αu& , αq  are components of the vectors  of displacement velocity and of contact 

pressure in a local coordinate basis (α = ξ,s ), s  is direction of the tangent, ξ  are normals; k 

is sliding friction coefficient; signs ′ and ′′ indicate the corresponding values on the opposite 
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sides of the contact. The equation set of the dynamics of the soil medium is completed with 

initial and boundary conditions. 

 

RESULTS 

Resistance to shear can be described by a fractionally rational dependence of the yielding of 

the soil on pressure ( ) ( ) ( )Ykpkppfp +≡= 12σ , where k  is internal friction coefficient, Y  

is maximal yield strength; the cohesion value can be neglected for this kind of soil. The 

relation between pressure and volumetric strain (density), required for the analysis is assumed 

in the form of ( ) ( ) ( )22

01 1 θθρθθ bafp −≡= , where 3/21 kAa +=  (Balandin, 2015a). 

To determine parameters of the dependence of yield strength on the pressure of a water- 

saturated soil, an experimental-computational method (12). Based on the results of a series of 

computations, the following parameter values of the state equation of water-saturated sand 

were obtained: A =1300 sm / , b =3.6, k =0.5, Y =50 MPa . For dry sand, the following 

values were earlier obtained: A =455 sm / , b =2.25, k =1.2 and Y =300 MPa ( Balandin, 

2016).  

In what follows, the results of numerically analyzing the penetration of a flat-nosed 

cylindrical striker into a water-saturated sandy soil in an elastoplastic formulation are given. 

Surface friction was not accounted for in the numerical computations, as there is practically 

no displacement of soil particles along the flat end of the striker-rod, whereas the flow of the 

soil over the cylindrical part adjacent to the end of the striker is of a cavitation character. 

The above results are compared with the computational results in a hydrodynamic 

formulation, where a soil is described using a model of a nonlinear compressible liquid with 

the same shock adiabat but in the complete absence of shear resistance ( k  = Y  = 0, а = A ). 

Fig. 5 shows the values of resistance force at a quasi-stationary penetration stage as a function 

of mass velocityu . The dark and the light boxes represent the data of the inverse 

experiments; the solid and dotted lines correspond to the results of numerical analysis of the 

penetration of the striker into dry and water-saturated sands (lines 1 and 3 in Table 2). 

The penetration of a striker with a hemispherical nose into a water-saturated sandy soil at a 

constant velocity was also numerically analyzed. Grigoryan’s model of soil media was used in 

the computations, with the parameters determined from inverse experiments with a flat end. 

The computations were done using Coulomb friction model with a friction coefficient of 0.2.  

Fig. 6 presents time histories of the force of resistance to penetration of a striker at a velocity 

of 0V =282 sm / . The light boxes correspond to the results of the inverse experiment, the 

dotted and the dashed lines depict the computational results, accounting for the shear 

properties and in a hydrodynamic formulation, respectively. 

Also compared were experimental and numerically computed maximum values of the force of 

resistance to penetration of a striker with a hemispherical nose into water-saturated sand as a 

function of impact velocity.  In Fig. 6 the dots represent the experimental data (Balandin, 

2015b), whereas the dashed and dotted lines correspond to the results of numerical 

computations, accounting for the shear properties of the soil and in a hydrodynamic 

formulation (similar to the designations in Figs.5, 6). 
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Fig. 5 - Values of the penetration resistance force at a quasi-stationary stage of the penetration of a flat-nosed 

striker into the water-saturated sandy soil (experimental and computational) 

 

 
Fig. 6 - The dependence of the resistance force to penetration of a striker with a hemispherical nose into the 

water-saturated sandy soil at a velocity of 282 sm /  (experimental and computational) 

 

 
Fig. 7 - Maximum force of resistance to penetration of a hemisphere into water-saturated sand as a function of 

the impact velocity (the dots represent the experiment, the lines show the computed values) 
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CONCLUSION 

It is evident in Figs. 4-6 that both maximum and quasi-stationary values of the forces of 

resistance to penetration of strikers with a flat and a hemispherical front end into a soil, 

obtained experimentally, are close to the computed values with the account of the shear 

properties in the framework of the model of a compressible elastoplastic medium. The 

computational results in the hydrodynamic formulation considerably differ from the 

experimental ones. It was shown earlier (13) that the maximal and the quasi-stationary value 

of the force resistance to penetration of a hemispherical striker are mainly determined by the 

values of the internal and surface friction coefficients, whereas the effect of the shock adiabat 

on the force characteristics of the penetration process is considerably less pronounced. 

Thus, when compacted sand is almost fully water-saturated, its shear properties degrade, but 

remain considerable enough to be taken into account. The obtained results will be useful in 

analyzing loads acting on the front parts of solid deformable bodies penetrating into water-

containing soils.  
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ABSTRACT 

The present numerical work is about the importance of blood elasticity in the hemodynamics 

at the macro-scale. The flow in a stenotic bifurcated artery was used as example. The Multi-

mode Phan-Thien-Tanner (PTT) model was implemented in OpenFOAM® code to take into 

account the blood elasticity. In locations where shear rates are higher than 10 s
-1

, differences 

in the velocity field are not observed, considering Multi-mode PTT model (shear-thinning and 

elastic behaviors of blood) or Carreau model (only shear-thinning behavior). The blood 

elasticity effect is insignificant. Artery locations where shear rates are lower than 10 s
-1

(near 

the bifurcation and stenosis) the blood elasticity has an important role on the blood flow 

pattern.  

Keywords: blood elastic property, hemodynamic, macro-scale, multi-mode PTT model, 

OpenFOAM®. 

 

INTRODUCTION 

Cerebrovascular and cardiovascular diseases are nowadays the main cause of human mortality 

in advanced countries (Mozaffarian et al. 2015). From clinical practice, specific sites in 

human circulatory system are sensitive to the development of coronary diseases such as 

atherosclerosis. Numerical studies of human blood flow have gained importance and can 

contribute, as an auxiliary tool, to the prevention and treatment of such diseases. However, 

none of the numerical studies in the literature (Alastruey et al. 2011, van der Giessen et al. 

2011, Chaichana et al. 2013) considers, simultaneously, three realistic approaches: shear-

thinning and elastic rheological blood behaviors and pulsatile flow. The goal of the present 

work is to conclude about the importance of blood elasticity in hemodynamic flow patterns at 

macro-scale arteries. For this purpose, the Multi-mode PTT model was implemented in the 

open source code OpenFOAM®. 

 

NUMERICAL MODEL 

A bifurcated stenotic artery model is represented in Fig. 1 (middle plane of the artery). The 

geometric dimensions and the flow direction (Vy
*
) are observable in the figure. 

The model was created in SolidWorks® and imported to Fluent Meshing ANSYS® to 

generate a refined mesh. The mesh was then feed to OpenFOAM® for numerical 

simulations. In this open source code, the constitutive equation, describing the blood 

rheology, was implemented and à posteriori solved simultaneously with the conservative 

equations. 
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Fig. 1 - Stenotic bifurcated artery (middle plane representation). 

 

The mass and momentum conservative equations are: 

( ) 0=⋅∇ U             (1) 

( ) ( )
PS ττpUU

U
⋅∇+⋅∇+−∇=⋅∇+

∂
∂

.ρ
t

ρ
         (2) 

where U is the velocity vector, ρ the mean density and Sτ  the stress tensor of the solvent part 

defined by: 

Dτ S S2η=            (3) 

where Sη is the solvent viscosity and D  the deformation rate tensor: 

[ ]( )T
UUD ∇+∇=

2

1
          (4) 

The stress tensor of the polymeric part, Pτ , is defined by a constitutive equation. Several 

constitutive equations, representing the elasticity of the blood (Favero, 2009), are cited in the 

literature. The one chosen and implemented in the OpenFOAM® code was the Multi-mode 

PTT model with the respective parameters at 37 ºC given by Campo-Deaño et al. (2013). 

Pulsatile blood flow was considered. The mean inlet velocity (Vin) along the cardiac cycle is 

represented in Fig. 2. The systolic phase (maximum velocity in the cardiac cycle) and the 

diastole phase can be observed. Moreover, the instantaneous velocity profile was imposed 

fully developed.  
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                  Fig. 2 - Mean inlet velocity along the cardiac cycle 

 

The flow splitting in the bifurcation is according to Murray´s Law (Murray, 1926): 

3
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Q

Q
         (5) 

21 QQQ +=            (6) 

where Q  and d are the flow rate and the diameter of the main artery, respectively. ( 1Q , 2Q  and 

d1, d2 are the flow rates and diameters of each branched artery). 

At the arteries wall, assumed rigid, the velocity was considered zero (no-slip condition). 

 

RESULTS 

Fig. 3 shows, for systolic phase, the velocity profiles, in the middle plane, along the blood 

flow direction (Vy
*
), considering Multi-mode PTT and Carreau models. Velocity profiles 

imposing Carreau model (only shear-thinning blood behavior) are also represented for 

comparison with outlines using Multi-mode PTT (elastic and shear-thinning blood 

behaviors). Fig. 3a represents the profiles in the main branch of the artery, (LINE 1 of Fig. 

1); Fig. 3b in the stenotic branch just after the bifurcation and before the stenosis (LINE 2 of 

Fig. 1); Fig. 3c in the non-stenotic branch just after the bifurcation (line LINE 3 of Fig. 1); 

and Fig. 3d in the non-stenotic branch far from the bifurcation (LINE 4 of Fig. 1). 

Apparent blood Viscosity vs. Shear Rate is represented, in Fig. 4, for Carreau model 

(Yilmaz and Gundoglu et al. 2008), Multi-mode PPT model (Campo-Deaño et al. 2013), 

experimental data (Valant et al. 2016) and simulated data using Multi-mode PTT model 

implemented in OpenFOAM® code (present work). Carreau model fits well experimental 

data only for shear rate values higher than 10 s
-1

, while Multi-mode PTT fits well blood 

experimental data for all the shear rate range. 
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a) b) 

 
c) d) 

Fig. 3 - Velocity profiles along blood flow direction (Vy
*
) in: a) the main branch (LINE 1); b) the stenotic branch 

after the bifurcation and before the stenosis (LINE 2); c) the non-stenotic branch just after the bifurcation (LINE 

3); d) in the non-stenotic branch far from the bifurcation (LINE 4). 

 

 

   

Fig. 4 - Apparent viscosity vs. Shear Rate using Carreau model for blood rheology (Yilmaz and Gundoglu et 

al. 2008), Multi-mode PPT model (Campo-Deaño et al. 2013), blood experimental data (Valant et al. 2016) and 

blood simulated data using Multi-mode PTT model implemented in OpenFOAM® code (present work). 
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CONCLUSIONS 

In the main artery (LINE 1 - Fig. 3a) and in the non-stenotic branch far from the bifurcation 

(LINE 4 - Fig. 3d), very similar velocity profiles are observed considering Multi-mode PTT 

or Carreau models, during the systolic phase. Since the minimum shear rates observed in 

LINE 2 and LINE 4 (far from the bifurcation and from the stenosis) are 9.08 and 10.94 s
-1

, 

the total shear rate range is inside the applicability range of Carreau model (see Fig. 4). 

Blood elastic effects are not relevant in these two positions of the artery. 

In the stenotic branch just after the bifurcation and before the stenosis (LINE 2 - Fig. 3b) 

and in the non-stenotic branch also after the bifurcation (LINE 3 - Fig. 3c), dissimilarities 

are observed in the velocity profiles using Multi-mode PTT (symmetric velocity profile 

relatively to the center of the artery) and Carreau model (maximum velocity near the artery 

wall). Once the minimum shear rates achieved in LINE 2 and LINE 3 (near the bifurcation) 

are 0.30 and 0.045 s
-1

, several values are inside the range where only Multi-mode PTT 

model is accurate (see Fig. 4). The blood elastic behavior is determinant in these regions. 
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ABSTRACT 

The present numerical work focuses on the evaluation of the atherogenesis risk associated to 

stenotic arteries - left coronary artery (LCA small artery without flare) and common carotid 

artery (CCA large artery with a flare). In LCA, the atherosusceptible zones increase strongly 

with the occlusion degree of an existing stenosis. In CCA, the occlusion growth tends to 

accelerate the flow in the flair, inducing high wall shear stresses in the bifurcation and in the 

inception region of the branches. As result, from an increase of 30 to 70% occlusion 

percentage, the atherosusceptible area grows around 66% in LCA and only 12% in CCA. 

Keywords: computational fluid dynamics, atherogenesis risk, stenosis, hemodynamic 

descriptors, artery anatomy. 

 

INTRODUCTION 

Cerebrovascular and cardiovascular diseases, as atherosclerosis in humans, have been one of 

the main causes of death in the worldwide (Mozaffarian et al. 2015). From clinical analysis, 

certain sites in the human circulatory system, such as bifurcations and branch origins are more 

prone to develop atherosclerosis lesions than others. Much of the risk of atherosclerosis is not 

explained by conventional vascular factors. Schulz et al. (2001) investigated in vivo why the 

extent of atherosclerosis disease diverges so considerably between individuals with similar 

systematic risk factors. They highlighted the potential importance of the bifurcation anatomy 

as a risk for atheroma and provided a basis for further flow modeling studies. Numerical 

hemodynamic tools increase the understanding of unexplained risks of atherosclerosis, 

improving their treatment and follow-up. Hemodynamic descriptors (Santis et al. 2013) in 

arteries are important parameters to understand blood flow patterns, predicting disturbed flow 

conditions and achieving a better explanation of the potential zones of atherosclerosis 

appearance and development.  

The goal of the present study is to quantify, numerically, the risk of atherogenesis in two 

types of stenotic arteries, LCA (small artery without flare) and CCA (large artery with flare). 

Fluent Meshing ANSYS® software was used for the numerical simulations. Wall shear stress 

(WSS) based descriptors - Time Averaged Wall Shear Stress (TAWSS) and Relative 

Residence Time (RRT) - were implemented in the data treatment to support the numerical 

study. The percentages of surface area exposed to TAWSS lower than 0.4 Pa and RRT higher 

than 8 Pa
-1

 - atherosusceptible zones (Malek et al. 1999 and Lee et al. 2009) - will be 

quantified. 
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RESULTS AND CONCLUSIONS 

Fig. 1 shows the hemodynamic descriptors, TAWSS and RRT, for stenotic LCA and CCA 

models. Montenegro et al. (1968), Tuzcu et al. (2001) and Katranas et al. (2015) showed, 

through in vivo studies from patients, that atherosclerosis tend to appear with more frequency 

in the left anterior descending artery (LAD) than in the left circumflex artery (LCx). Ku et al. 

(1985) also presented an in vivo work claiming that prone atherosclerosis regions are 

predominantly located in the internal carotid artery (ICA) than in the external carotid artery 

(ECA); and just after the bifurcation. Authors of the present study sit the stenosis, according 

to the literature: in LAD and ICA (see Fig. 1). The occlusion percentages considered are 30%, 

50% and 70%.  

The angle between LAD and LCx is 85º and between ICA and ECA 22.5º. The assumed flow 

rate ratio between the branches follows Murray´s law (Murray, 1929). The flow splitting in 

LAD:LCx is 61:39(%) with diameters 3.5:3.0 mm (diameter of the main LCA 4.12 mm). The 

flow rate distribution ICA:ECA is 50:50(%) being the distal diameters 5.2:5.1 mm (diameter 

of the main CCA 7.8 mm). 

   

   

Fig. 1 - TAWSS and RRT considering different percentages of occlusion for a stenotic LCA (left) and 

stenotic  (right) 

For the LCA and CCA, very low TAWSS (near 0) and high RRT values (around 8 Pa
-1

) are 

observed behind and in front of (according to the flow direction) the stenosis (see Fig. 1). 

When the percentage of occlusion increases, from 30 to 70%, the regions susceptible to 

atherosclerosis tend to grow around the stenosis. The effect is emphasized in the LCA: for 

70% of occlusion percentage, regions with RRT > 8 Pa
-1

 appear in the opposite side of the 

stenosis. Atherosusceptible zones tend to expand around 66% in LCA and only 12% in CCA. 
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Table 1 - Surface area percentages of TAWSS lower than 0.4 Pa and RRT higher than 8 Pa
-1

 for different 

stenosis % and different arteries (LCA and CCA models) 

 

Stenosis % 

       LCA 

TAWSS < 0.4 Pa 

LCA 

RRT > 8 Pa -1 

CCA 

TAWSS < 0.4 Pa 

CCA 

RRT > 8 Pa -1 

30% 4.2 % 1.1 % 29.5 % 14.7% 

50% 7.1 % 3.7 % 28.1 % 15.1% 

70% 9.2 % 4.9% 26.4 % 12.4% 

 

Surface area percentages of TAWSS values lower than 0.4 Pa and RRT values higher than 8 

Pa
-1

 are represented in Table 1. In LCA, both surface percentages increase with the occlusion 

degree - stenotic effect is emphasized - while in CCA the percentages tend to stabilize with 

the occlusion degree. A growth of the occlusion in proximal ICA tends to accelerate the flow 

in the stenotic flair, inducing high wall shear stresses in the bifurcation and in the inception 

region of the branches. This acceleration inhibits the expansion of the atherosusceptible 

regions. 

In a near future, other geometric and hemodynamic effects such as bifurcation angle and flow 

rate distribution influences will be analyzed. 
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ABSTRACT 

The rupture of atherosclerotic plaques is known to be associated with stresses that act on or 

within the arterial wall and is one of the leading causes of mortality and disability worldwide. 

In this study a fluid-structure interaction modeling of blood flow in a non-stenosed common 

carotid artery bifurcation is carried out using vascular geometries reconstructed from Doppler 

ultrasound images. Comparison of results between rigid wall model and fluid-structure 

interaction model is presented. 

Keywords: carotid artery bifurcation, blood flow, fluid-structure interaction. 

 

INTRODUCTION 

Carotid atherosclerosis is the process of vascular wall injury resultant from the build-up 

deposition of fatty substances, which cause the formation of plaque and consequently 

stenosis. Stenosis alters blood pressure, resistance, and blood flow can lead to critical flow 

alterations such as high flow velocities, high shear stress, cyclic artery compression and flow 

recirculation. These conditions may be linked to thrombus formation and excessive artery 

fatigue leading to stroke (Wootton, 1999). The rupture of carotid plaques is a major cause of 

cerebrovascular thrombotic events, including transient ischemic attacks and stroke and the 

mechanism for plaque rupture is not fully understood.  Coupling solid mechanics models with 

computer fluid dynamics codes it is possible to determine flow and wall stress in arteries with 

branches, stenoses and plaques allowing investigate the effect of stresses on carotid plaques.  

Fluid-structure interaction (FSI) analysis has been employed as a powerful tool to enhance 

our understanding of how hemodynamic factors are involved in atherosclerotic disease. It 

combines blood flow simulation through computational fluid dynamics with wall stress study. 

Li et al. investigation (Li, 2006; Li, 2007) correlate stress levels with inflammatory activity in 

the plaque. Recent studies (Tang, 2005; Gao, 2009) suggest that a local increase in 

stress/strain could be a cause of plaque rupture, and that stress in the plaque region can be 

used for plaque rupture risk assessment.  

A patient specific 3D fluid-structure interaction (FSI) simulation is carried out using ANSYS 

commercial software throughout its coupling system feature. The main purposes of this study 

are to investigate the hemodynamic characteristics on the distribution of wall shear stress 

(WSS) and flow patterns induced by the arterial wall deformation. Rigid and FSI models of a 

healthy common carotid artery (CCA) bifurcation are presented and compared.  
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METHODS 

Model definition was performed using a set of Doppler images of the CCA, its bifurcation and 

proximal segments of internal (ICA) and external (ECA) carotid arteries acquired during daily 

medical routine. The longitudinal and transversal set of B-mode images was recorded at end-

diastole, to control physiologic variations of diameter within cardiac cycle. The segmentation 

of ultrasound images was obtained using an in-house semi-automatic algorithm implemented 

in MATLAB software (Henriques, 2015). The segmentation method is based on the 

hypoecogenic characteristic of the lumen and allows the lumen contour extraction in 2D B-

mode images. 

To establish a computational geometry of the arterial region of the CCA bifurcation, 2D 

smooth lumen contours were placed in the axial direction according to each image location 

obtained during data acquisition (Fig. 1). After smoothing of the obtained surface, three 

diameters cylindrical extensions upstream and downstream of the carotid bifurcation were 

performed, in order to minimize flow modeling inaccuracies due to the imposition of  the 

boundary conditions.  

 

 

Fig. 1 - 3D surface generation 

 

Blood flow simulation was obtained iteratively, using the SIMPLE algorithm and a second-

order upwind scheme for the convective terms. Blood was considered an incompressible 

homogeneous Newtonian fluid, with a density of 1060 kg/m
3
 and dynamic viscosity of 

0.0035N.s/m
2
. The vessel lumen is approximately circular at the CCA inlet and an equivalent 

circular radius was calculated in order to impose a Womersley velocity profile based on 

Doppler ultrasound measurements (Sousa, 2014). 

A proposed-developed code implemented in MatLab software was used to calculate time-

dependant Womersley profile. For outflow boundary conditions a constant in time flow rate 

division between ICA and ECA was defined, equal to ICA /ECA = 60/40.  

The arterial wall was modeled as an isotropic elastic material with a Young’s modulus of 

1.06MPa, a Poisson's ratio ʋ=0.45 and a density equal to 1120 kg/m3. The thickness of the 

blood vessel wall was considered equal to 1 mm (Mulani, 2015). All nodes on the inlet and 

outlet planes were constrained in the local direction of the lumen centerline direction. In order 

to prevent possible rotation of the entire model, which could increase convergence time, one 
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edge of one element was fully constrained at the inlet and outlets. The remaining nodes were 

left free to undergo displacement in any direction (Zhao, 2000). FSI simulation was 

performed in an Intel Core I3 computer of 2.4GHz processor and 4GB of RAM. 

Three cardiac cycles were simulated considering a constant time step equal to 0.008 seconds. 

The flow velocities and the WSS vectors obtained from the last cycle were recorded for post-

processing. Mesh density sensitivity analyses were performed on both fluid and solid domains 

until stress differences between solutions from two consecutive meshes were negligible (less 

than 2.5% of the absolute value). 

An iterative solution (Fig. 2) between fluid solver (FLUENT) and structural solver (Transient 

Mechanical) is used until convergence is attained (Khader, 2014).  

 

 

Fig. 2 - Two way system coupling process 

 

RESULTS AND DISCUSSION 

Fig. 3 shows velocity fields obtained at systolic peak for the two studied models. Both 

simulations present high velocities within stenosis and low velocity values in the outer wall 

region of the carotid bulb due to the enlargement of the vessel. This study shows that FSI 

analysis enables a reliable 3D blood-artery-plaque simulation that mimics a realistic 

deformable vessel. As the flow begins to decelerate after the peak flow, a larger recirculation 

zone develops at the non-divider wall of internal carotid artery in FSI model due to the elastic 

energy stored in the expanding compliant wall.  

Fig. 4 shows wall shear stress distributions for the two considered studies. In both simulations 

maximum WSS values occur in the bifurcation apex due to a natural narrowing of the vessel.  

Low WSS patches in CCA are contiguous with the carotid bulb low WSS region prone to 

atherosclerosis. 
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Fig. 3 - Velocity fields: FSI simulation (left) and Non-FSI model 

 

 

 
 

Fig. 4 - Wall shear stress fields: FSI simulation (left) and Non-FSI model 

 

 

As expected, considering  the FSI simulation, the maximum WSS value equal to 35 Pa is 

lower than the obtained for the non FSI simulation (41 Pa), where deformation of the arteries 

was not considered.  

 

CONCLUSIONS 

In this work a FSI analysis was performed in order to investigate the influence of artery 

compliance on the CCA bifurcation hemodynamics and wall shear stress distribution. This 

model has some limitations: it does not account for residual arterial stresses, patient-specific 

material properties and as available imaging data could not provide information on material 

anisotropy, it was not considered. Nevertheless, as expected, velocity and WSS distributions 

are similar and FSI model presents larger recirculation area and lower maximum WSS value. 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 

 

 

-1563- 

We can conclude that compliance does not affect local hemodynamic in the proximal region 

of the studied non-stenosed CCA bifurcation. Further studies, simulating blood flow in 

stenotic carotid arteries, should be performed in order to better understand the development 

and rupture of carotid plaques.  

 

 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the funding by FCT, Portugal, of the Research Unit of 

LAETA-INEGI, Faculdade de Engenharia da Universidade do Porto. The authors would like 

to thank Helena Henriques for her work on Ultrasound image segmentation. 

 

 

 

REFERENCES 

[1]-Gao H, Long Q, Graves M, Gillard JH, Li ZI. Carotid arterial plaque stress an analysis 

using fluid-structure interactive simulation based on in-vivo magnetic resonance images off 

our patients.  Journal of Biomechanics, 2009, 42, p. 1416-1423. 

[2]-Henriques H, Castro CF, Sousa LC, António CC, Santos A, Santos R, Castro P, Azevedo 

E. Reconstructing stenotic carotid models from ultrasound images, Proceedings of the 6th 

International Conference on Mechanics and Materials in Design - M2D2015, 2015, p. 1577-

1580. 

[3]-Khader  SMA, Ayachit A, Ahmed RPBKA, Rao VRK, Kamath SG. FSI Simulation of 

Increased Severity in Patient Specific Common Carotid Artery Stenosis,.  

[4]-Li ZY, Howarth S, Trivedi RA, U-King-Im JM, Graves MJ, Brown A, Wang L, Gillard 

JH. Stress analysis of carotid plaque rupture based on in vivo high resolution MRI. Journal of 

Biomechanics, 2006, 39 (14), p. 2611-2622.  

[5]-Li ZY, Howarth SPS, TangT, Graves MJ, U-King-Im J, Trivedi RA, Kirkpatrick PJ, 

Gillard JH. Structural analysis and magnetic resonance imaging predict plaque vulnerability: a 

study comparing symptomatic and asymptomatic individuals. Journal of Vascular Surgery, 

2007, 45(4), p. 768-775.  

[6]-Mulani SS, Jagad PI. Analysis of the effects of plaque deposits on the blood flow through 

human artery, Int. Eng. Res. J., 2015, 2, p. 253-260.  

[7]-Sousa LC, Castro CF, António CC, Santos A, Santos R, Castro P, Azevedo E, Tavares 

JMRS. Towards hemodynamic diagnosis of carotid artery stenosis based on ultrasound image 

data and computational modelling, Medical & Biologcal  Engineering & Computing, 2014, 

52(11), p. 971-83.  

[8]-Tang D, Yang C, Zheng J, Woodard PK, Saffitz JE, Sicard GA, Pilgram TK, Yuan C. 

Quantifying effects of plaque structure and material properties on stress distributions in 



Symposium-11: Cardiovascular and Orthopaedic Computational Design 

 

 

-1564- 

human atherosclerotic plaques using 3D FSI models. Journal of Biomechanical Engineering, 

2005, 127 (7), p. 1185-1194. 

[9]-Wootton D, Ku D. Fluid mechanics of vascular systems, diseases, and thrombosis. Annual 

Rev Biomed Eng, 1999, 1, p. 299-329.  

[10]-Zhao S, Xu X, Hughes A, Thom S, Stanton A, Ariff  B, Long Q. Blood flow and vessel 

mechanics in a physiologically realistic model of a human carotid arterial bifurcation, J. 

Biomech, 2000,  33, p. 975-984. 



Proceedings of the  7th International Conference on Mechanics and Materials in Design, 

Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 

Publ. INEGI/FEUP (2017) 

-1565- 

 

PAPER REF: 6935 

 

 

DEVELOPMENT OF A NEW HUBLESS VENTRICULAR ASSIST 

DEVICE 
 

Rosaire Mongrain
1(*)

, Young Hoon Chung
1
, Toufic Azar

1
, Renzo Cecere

2
 

1
Department of Mechanical Engineering, McGill University, Montreal, Canada  

2McGill University Health Centre, McGill University, Montreal, Canada 
(*)

Email: rosaire.mongrain@mcgill.ca 

 

 

ABSTRACT 

Heart failure is a serious cardiovascular disease associated with an important death rate. The 
gold standard of treatment of end stage heart failure is transplantation. Given the severe 

shortage of potential organ donors, mechanical pumps have been developed for long term 
support. A novel hubless ventricular assist device is presented in order to reduce the potential 
of blood damage caused by shear stress levels. The concept is assessed using numerical 
simulations and its potential is shown in terms of decreasing the speed needed to achieve a 
given flow requirement.  

Keywords: ventricular assist device, blood damage, numerical simulations. 

 

INTRODUCTION 

In its 2014 update, the American Heart Association (AHA) reported that there are about 

280000 deaths annually related to heart failure [1]. The gold standard for the treatment of end-

stage heart failure is transplantation. However, there is an important shortage of suitable 

organ donors to treat end stage heart failure patients. In fact, in the US, only about 6 % of the 

estimated 35000 annual patients that would benefit from transplantation actually receives a 

heart in time [2]. For these reasons, mechanical pumps have been designed to assist the heart 

in its pumping function. 

In the last 40 years, the design of heart mechanical support has evolved from bulky pulsatile 

pumps with multiple cavities and valves to implantable rotary dynamic pumps. These devices 

have progressed from temporary support (for acute perfusion), to short term support (bridge to 

bridge), to mid-term support (bridge to transplant, bridge to recovery) to long term support 

(destination therapy). Important requirements for destination therapy are device longevity, 

long term hemocompatibility (2) while addressing the standard short term issues of blood 

trauma, thrombosis, and infections. 

The most recent implantable devices have shown to improve quality of life and survival rate 

but do not yet integrate all the requirements and specifically the long term hemocompatibility. 

Because pump efficiency is closely related to hydraulic losses, less efficiency is associated 

with more blood trauma hemolysis due blood flow disturbances (shear stress, turbulence). 

Therefore, our main design objective was to decrease the potential of blood damage with a 

design that would reduce the needed speed in order to reduce the shear stress linked to blood 

damage.  
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RESULTS AND CONCLUSIONS 

The concept that we put forward is a hubless design [3]. Such a configuration is a departure 

from convention turbine design where vanes are usually connected on a hub in an inducer-

impeller-diffuser configuration (Figure 1). 

 

 

 

 

Fig. 1 - Hubless pump front view (with inducer, impeller/rotor and diffuser) and an 

isometric and front view 

 

The hubless design provides a larger pumping volume within the impeller/rotor thus allowing 

to reduce the needed rotational speed to achieve a given pumping rate. This in turns decreases 

the resulting velocity gradients and thus the resulting shear stress levels that are directly 

linked to blood damage [4]. We used ANSYS CFD to simulate the flow in the pump 

(tetrahedron volume meshes were generated for the fluid domain and steady flow was used at 

the inlet). The assigned blood viscosity is 3.5 cP and the density is 1.05 g/cm3 corresponding 

to Newtonian flow regime. 

From the ANSYS post-function calculator of the preliminary results, we find that a RPM 

around 1000 provides for 5L/min and a RPM around 2000 provides for 6L/min. We note in 

the preliminary results, that the maximum velocities are lower with the hubless design. 

 

 

 

Fig. 2 - Flow simulation for the hubless design and comparison of  the maximum velocity with a 

conventional design 
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The next step is the experimental verification and assessment of the hydraulic efficiency. A 

3D printed version of the concept was generated (Figure 3). This rapid prototype will be 

inserted in a test rig (under construction) for assessing the efficiency. 

 

 

 

 

 

Fig. 3 - Rapid prototype of the hubless concept and the hydraulic setup for testing 

the hydraulic efficiency 

 

In conclusion, we developed a hubless pump design that has a larger pumping volume within 

the impeller and allows to decrease the maximum velocities for a given flow regime 

requirements based on the numerical preliminary numerical simulations. This design is 

currently under experimental assessment to confirm the numerical results. 
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ABSTRACT 

Carotid Doppler ultrasound and imaging are focused on the visualization and measurement of 

blood flow providing critical diagnostic information noninvasively about fluid dynamics and 

abnormalities. Ultrasound imaging is a complicated interplay between physical principles and 

signal processing methods. In this work a two-step methodology to predict carotid plaque 

disruption is reported. An automatic technique based on row wise pixel intensity distribution 

alleviates the laborious and time consuming manual evaluation and classification of the 

carotid artery intima-media thickness. Selected image-based parameters, extracted from pixel 

intensity information and associated with risk score of carotid atherosclerotic plaques, were 

introduced in an artificial neural network model the feasibility of possible development of 

neurological complications due to plaque disruption. 

Keywords: algorithms, ultrasound image segmentation, carotid plaque status. 

 

INTRODUCTION 

The process of carotid arterial narrowing represents a long-term chronic disease. In the initial 

phase, fatty deposits affect the inner lining of the vessel developing a plaque. Symptoms and 

adverse effects are noted when vulnerable or high risk plaques ulcerate associated to a high 

risk of causing stroke. Other vulnerable plaques progress rapidly. The factors that determine 

the risk of a carotid plaque resulting in a stroke include luminal stenosis, plaque composition, 

and plaque morphology. Carotid sonography offers insight into the nature of carotid plaques 

based on the amount of lipid material in the plaque and the presence of ulcerations. Carotid 

sonography, a fast and inexpensive technique, is extremely useful in the initial evaluation of 

symptomatic patients who present nonspecific symptoms related to stenotic or embolic 

accidents. Current ultrasound scanners generate accurate cardiovascular measures safely, 

rapidly and relatively inexpensively. Ongoing projects are planned to generate vascular 

images for hundreds of thousands of individuals in different countries that, over the next few 

years, can be used to determine the true value of vascular imaging for disease prediction 

(World Heart Federation, 2015). 

Ultrasound enables the acquisition of longitudinal and cross-sectional images of the carotid 

artery bifurcation and image segmentation provides data to construct carotid luminal surface. 

With increased automation and functionality, it may be possible in future to routinely examine 

people with ultrasound to establish cardiovascular disease present before symptoms emerge, 

so that future disease can be prevented, for example using medication. Symptomatic carotid 

artery disease is associated with plaque neovascularization, intra plaque haemorrhage, and 

invasion of inflammatory cells. Hypo echogenicity is already well established as a marker of 

high-risk carotid lesions (Partovi et al. 2012). Tissue Doppler imaging allows evaluating 



Symposium-11: Cardiovascular and Orthopaedic Computational Design 

 

 

-1570- 

plaque characteristics such as tissue elasticity and the velocity at which tissue deformation 

occurs. More experience and data are necessary to facilitate the visualization of the 

transitional zone between an intra plaque thrombus and the less elastic fibrous tissue 

surrounding it (Kunte et al. 2013).  

The segmentation of the common carotid artery (CCA) based on active contours are not the 

best choice for an automatic and accurate segmentation of the carotid artery wall, particularly, 

because the propagation forces of these models are based on image intensity gradient 

information, often stuck in regions associated to local minimal solutions (Cheng et al. 2011; 

Ma et al. 2010). Also, parametric snakes normally require manual initialization, with the 

definition of an initial contour closest to the carotid boundaries, and constant human 

intervention to improve the segmentation results (Loizou et al. 2014; Ma et al. 2010). Based 

on region growing methodology, a new technique is applied to segmentation of B-mode 

ultrasound images ensuring convergence from lumen identification to lumen boundary. This 

method consists of a two-step method including the identification of an ultrasound profile of 

the active plaque and the computation of a risk score. 

 

MATERIALS AND METHODS 

Carotid artery disease diagnosis greatly depends upon accurate artery image segmentation. To 

obtain better segmented image, noise must be removed. For this purpose, we have used 

median filter for noise removal as image pre-processing step. It is a non-linear filter and 

preserves the image detail in better way. The main objective of object separation from 

background is to separate out the objects from image background considering it as a two class 

problem (background and the objects). The algorithm calculates the optimal threshold to 

separate the objects from background so that the intra-class variance becomes minimal. Some 

isolated and noisy patterns may remain there. These noisy patterns are removed through 

morphological opening operation usually used for smoothing the object contours and for 

elimination of thin protrusions. After the opening morphological operation, the area inside the 

artery walls needs to be identified. The most common error for false-positive diagnosis of 

occlusion is superimposition of the external and internal carotid in the coronal plane, the 

internal carotid is mistakenly considered to be obstructed. The possibility exists that external 

carotid branches have been imaged and the internal carotid is occluded. Suspicion that 

external carotid branches have been imaged is further heightened if a clear difference exists in 

the pulsatile quality of signals heard at one bifurcation but not at the other. Fig. 1 the region of 

interest selected from an original carotid artery ultrasound image. To reduce the speckle noise 

and wave interferences, median filter were applied on the original image. 

 

Fig. 1 - Lumen segmentation main steps: (a) Selection of the region of interest; (b) Increased overall image 

contrast; (c) Identification of lumen central region. 
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Intima-media thickness measurement is one of the effective techniques for the detection of the 

plaque into the carotid artery. Five features, namely, the average, variance, standard deviation, 

skewness and kurtosis are extracted from measured values used to train and test the classifier. 

Automatic morphological parameter identification such as degree of stenosis, evidence of 

plaque disruption, presence of echogenic cap, plaque echo-structure appearance and location 

of the echo lucent region in heterogeneous lesions are the main purpose of image analysis 

motivated for the need of developing new strategies for plaque status characterization. 

Traditional strategies of plaque risk prediction include the Activity Index (AI) and the degree 

of stenosis (DS). Following previously presented methodologies providing effective selection 

of plaques at high risk of developing symptoms (Seabra et al. 2011) the Enhanced Activity 

Index (EAI) technique quantifies the likelihood of a stable plaque to becoming symptomatic. 

This method consists of a two-step method including the identification of an ultrasound 

profile of the active plaque and the computation of a risk score: plaques showing EAI > 1 are 

prone to produce symptoms, being more dangerous as EAI increases. The main purpose of the 

present work is the automatic identification of an ultrasound profile of the active plaque. 

Seabra et al. (2011) presented the significant parameters and corresponding sources of the 

optimal feature set for plaque description, namely, 16-element feature set both subjective 

(given by experienced physicians) and objective image-based parameters (extracted from 

pixel intensity information) were selected. Image-based parameters being: degree of stenosis, 

histogram features, echo-morphology descriptors and textural features. The purpose of the 

work presented here is to perform a combination of the last three parameters in order to infer 

stroke risk discriminating between plaques with stable lesions and plaques with lesions prone 

to developing neurological complications. 

Artificial neural networks (ANNs) are computer programs designed to simulate the way brain 

processes information. ANNs are trained based on examples and can be valuable to construct 

a decision maker based on knowledge only.  

 
Fig. 2 - Modular approach based on local specialized models. 

There is no theoretically sound way of choosing the optimal ANN architecture for each 

separate model. The considered network has one hidden layer with N neurons. Synapses send 

data on to a hidden layer, which in turn sends to the output layer representing the dependent 

variables. Input and hidden layer biases need to be adjusted in all learning algorithms of 

neural networks and thus there exists dependency between different layers of parameters 

(weights and biases). The activation functions (hyperbolic tangent functions), the weights of 

the synapses and the bias applied to the neurons at the hidden and output layers are to be 

controlled during the supervised learning process. In this particular classification problem, 

generalization is a central issue, because severe clinical consequences can result from the 

decrease of performance. The activation function of the last layer of the network is a linear 

transfer function. 
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CONCLUSION AND FUTURE WORK 

The proposed approach successfully segment and classify carotid artery images in an 

automated way identifying plaque lesions at high risk of becoming symptomatic. ANN 

modelling quantifies the likelihood of a stable plaque to becoming symptomatic. It has been 

previously accepted that the benefit of surgical intervention based on the degree of stenosis 

alone as a decision making criterion is low in the asymptomatic disease and in symptomatic 

disease with moderate obstruction motivates the need for developing new strategies plaque 

status characterization. Although user dependant, the implemented methodology allows the 

user to load images and process and extract features enabling plaque detection and 

discrimination. Limitations similar to other technologies are expected to be resolved with 

further studies and technical improvements. The present research contributes to the analysis 

of hemodynamic conditions of the carotid bifurcation stenosis and occlusion. 
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ABSTRACT 

In this work, an integrative approach that eases the material selection stage is presented. 
Twenty different specifications of materials from 1st to 4th generation of pressurized water 
reactors have been analyzed, covering the main designs of pressurized reactors from Western 
Europe, Japan and Russia. Thus, the results show that steels 15Kh2MFAA, 20MnMoNi55 and 
SA533 Gr.B Cl.1 are the best material options to prevent the embrittlement induced by 
radiation. 

Keywords: radiation-induced embrittlement, reactor pressure-vessels, structural materials. 

 

INTRODUCTION 

The materials of nuclear reactor pressure-vessels exposed to neutron radiation generated by 
nuclear fission reactions experience considerable damage at very low doses of radiation, 
causing embrittlement and a shift of the ductile-to-brittle transition temperature (∆RTNDT). 
Irradiation embrittlement of steels is the principal mechanism of aging that affects the 
pressure vessels of light water nuclear reactors, being the chemical composition the most 
important parameter affecting the radiation-induced embrittlement; in particular, the 
percentages of copper, nickel and phosphorus are considered the most influencing parameters.  

The selection of materials for the construction of the primary loop of a light water reactor is a 
complex process that involves great responsibility because small differences in chemical 
composition can adversely affect in-service behavior of the material. To address this issue, an 
evaluation of chemical composition and mechanical behavior based on the requirements 
described by the most important manufacturing codes has been performed. In this work, an 
integrative approach that eases the material selection stage is presented. Thus, twenty 
different specifications of materials from 1st to 4th generation of pressurized water reactors 
have been analyzed, covering the main designs of pressurized reactors from Western Europe, 
Japan and Russia.  

 

METHODOLOGY 

This new approach combines structural calculations, based on the mechanical requirements of 
materials, with the application of a stringency level (SL) methodology (Rodríguez-Prieto et 

al., 2016) to analyze the content of copper, nickel and phosphorus and the transition 
temperature (∆RTNDT) according to Regulatory Guide (R.G.) 1.99 Rev.2 (1988) prediction 
model. This methodology consists of a calculation process based on equations using a 
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deterministic algorithm. The criteria acceptance limits are provided by key research 
publications. Necessary data for the SL methodology have been selected by performing data 
mining from key scientific publications, materials handbooks and databases, manufacturing 
codes, technical specifications and regulatory requirements. 

 

RESULTS AND CONCLUSIONS 

It has been demonstrated, with structural calculations, that safety design margin calculated as 
a ratio between longitudinal or transversal membrane stresses and yield strength of materials 
are below than 2/3 according to requirements described by ASME B&PV (2015) and KTA 
3201.2 (2011) design codes. On the other hand, Russian materials 15Kh2MFAA and 
15Kh2NMFAA and the American A336 Gr.F22V and SA533 Gr.B Cl.1 provide the less 
ductile-to-brittle transition temperature together with more stringent chemical requirements to 
avoid radiation-induced embrittlement. Finally, the average results (Fig.1) show that steels 
15Kh2MFAA, 20MnMoNi55 and SA533 Gr.B Cl.1 are the best material options according to 
the stringency level, SL.  

 

Fig. 1 - Averaged obtained results 

Results obtained by applying this new methodology exhibit how, despite all options could be 
valid from a safety approach, the most suitable material options correspond to some of the 
specifications more widely used in the 2nd and 3rd generation of pressurized water reactors 
such as 15Kh2MFAA, 20MnMoNi55 and SA533 Gr.B Cl.1. 
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ABSTRACT 

This paper presents results of experiments aimed at studying hygro-thermal properties of red 
clay brick. The main objective of research was to investigate the relation between thermal 
conductivity coefficient of dry, filled with water and salt crystals brick. The research was 
conducted using stationary technique for the totally dried specimens, as well as the ones 25%, 
50%, 75% and 100% filled with water or sodium sulfate solution and its crystals. The 
experimental results confirm negative influence of water or sodium sulfate on thermal 
properties of material. The value of thermal conductivity coefficient increases along with 
growth of water or Na2SO4 solution content. 

Keywords: building materials, thermal conductivity coefficient, sodium sulfate, brick. 

 
INTRODUCTION 

Water and salt are frequent problems faced in building materials. It causes deterioration of 
thermal and mechanical properties. Several scientists work on the dependence between 
moisture and heat conductivity, but with regard to, for instance, insulation materials 
(Jiřičkova, Pavlík, Fiala, Černý, 2006) or cement mortars (Siwińska, Garbalińska, 2011). 
Similar research has not been conducted for red clay bricks yet and furthermore the influence 
of water on heat conductivity has not been compared to the influence of salt solution on that 
parameter. 

At the beginning, a sorption isotherm test was conducted for seven relative humidity levels. 
The next subject of research was to investigate the relation between thermal conductivity 
coefficient of brick and its water or Na2SO4 solution content. In order to predict the quantities 
of mirabilite (Na2SO4·10H2O) and saturated solution of Na2SO4, an appropriate algorithm in 
the python programming language was developed. Six red clay bricks were used for the 
experiment. The research was conducted in the Taurus TLP 300 Apparatus, at the average 
temperature of 100C assuming the temperature difference 100C. The TLP 300 is a two-plate 
device, which uses stationary technique. The test was conducted for dried specimens, as well 
as the ones 25%, 50%, 75% and 100% filled with water and sodium sulfate solution. 
Furthermore the change of red clay brick pore structure before and after imbuing with water 
and salt solution was investigated by multi-cycle mercury intrusion test. Additionally the 
thermal conductivity coefficient of mirabilite (Na2SO4·10H2O) was studied. 

 
RESULTS AND CONCLUSIONS 

The initial results concerning the influence of water and salt crystals content on thermal 
conductivity coefficient are shown figure 1. They confirm negative influence of these factors 



Symposium-12: Sustainable Energy Systems 
 
 

-1578- 

on heat conductivity of material. The value of thermal conductivity coefficient increases along 
with moisture level growth. The figure can be divided on two sections - for sample imbued in 
the range from 0% to 50%, when the thermal conductivity coefficient increases sharply, and 
for samples imbued in the range from 50% to 100%, when the thermal conductivity 
coefficient increases equably. The moisture content is expressed in grams of absorbed water 
or salt solution per grams of dry material. The study shows that the presence of Na2SO4 
solution has less negative influence on brick’s thermal conductivity coefficient than water. 

 

 
Fig. 1 - The relation between thermal conductivity coefficient and level of samples saturation 
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ABSTRACT 

This work has as main objective an analysis of the validity of the implementation of a flooded 
evaporator in a vapor compression refrigerant cycle, the working fluid being the R134a. To 
achieve this goal, it was used a simulation software, the Pack Calculation Pro. A comparison 
of the annual energy consumption of the refrigeration system with a flooded evaporator was 
carried out having as reference the same system with a dry evaporator and working in 
different situations. In this study, the advantages and disadvantages of using the two types of 
evaporators, the flooded and dry one, having the system used for situations equal cooling 
capacity and the possible presence of overheating for the dry evaporator and the presence of 
the pump in the flooded evaporator was analyzed. It was concluded that the advantage in the 
implementation of flooded evaporator is directly proportional to the degree of overheating at 
the exit of the dry evaporator. Also an economic analysis were carried out. 

Keywords:  refrigeration systems, flooded evaporators, dry evaporators, energy utilization. 

 

INTRODUCTION 

Currently, the use of refrigeration systems is indispensable (Afonso, 2012). They play a 
fundamental role in areas ranging from the preservation of perishable products, the 
pharmaceutical industry or air conditioning. In fact, uncommon is the house where there are 
no refrigeration systems installed, be it air conditioner or the refrigerator itself. The scale of 
applications increases significantly when, instead of considering only domestic applications, it 
is taken in account industrial, commercial, transportation, among others.  

In recent years, with the concept of sustainable development (Bulletin of IIR, 2002), it 
became clear that changes would have to be made to conventional refrigeration systems trying 
to increase their efficiency to the maximum, and so, reducing the energy consumed without 
compromising the cooling effect. 

The energy consumption of a refrigeration system is mainly due to the power consumed by 
the compressor(s), which is responsible for forcing the fluid flow through the system. 
Components such as the evaporator also influence the energy consumption since the more 
efficient they are in the absorption of heat, the greater will be the cooling capacity of the 
entire system, or else, for the same cooling capacity the lower will be the energy consumption 
(Neto,2013). 

A comparison of the annual energy consumption of the refrigeration system with a flooded 
evaporator was carried out having as reference the same system with a dry evaporator and 
working in different situations. In case of the dry evaporator, it presents an unnecessary 
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superheat and so this system presents a lower COP, being then feasible the inclusion of a 
flooded evaporator, when the medium / long term system is energetic analyzed. In this case, 
the system has a lower annual energy utilization. It was possible to conclude that the 
relevance of the flooded evaporator implementation is directly proportional to the degree of 
overheating at the exit of the dry evaporator. 

 

SISTEMS AND METHODOLOGY 

Fig. 1 is a diagram of the refrigeration system with a dry evaporator and with a flooded 
evaporator. In the second situation it was also simulated the possibility of use a circulation 
pump to feed the evaporator. In both systems it was used two compressors. Both systems have 
an internal heat exchanger, 

                                            
Fig. 1 - Refrigeration system with a dry evaporator (left) and with a flooded evaporator 

(right) 
 

The methodology used for the simulations is as follow: 

• Equal cooling capacity and the temperatures of evaporation and condensation fixed; 

• Addition of a pump to carry out forced circulation of the flooded evaporator; 

• Regarding the first point, it was also considered an unnecessary overheating in the 
evaporator. 

Table 1 displays the common characteristics of both systems. 

Table 1 - Common characteristics of both systems. 

Te -11 °C 

Tc 48 °C 

Compressors Bitzer OSK 8561 50 Hz [1] (2x) 

Power of the pump  0.029 kW 

Cooling effect 200 kW 

It was also considered the use of another type of compressors of the same company, the Bitzer 
OSK 8551 (Bitzer, 2014). 

The city chosen in the simulations is Oporto, Portugal. 

Regarding costs, and based on current tariffs, the energy costs were 0.14 €/kWh. Regarding 
equipment’s, the compressors costs are 20 000 € for Bitzer OSK 8561 and 19 000 € for the 
Bitzer OSK 8551.The price of the dry evaporator for a cooling capacity of 200 kW is 7000 € 
(Pricelist, 2014) and of the flooded evaporator is considered 25% higher (Neto,2013). It was 
admitted a lifetime for both systems is 10 years. 
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RESULTS 

Dry evaporator without overheating vs flooded evaporator by gravity (without pump) 

In Fig.2 it is show the energy consumption per month of both systems for all equipment’s 
used. 

 
Fig. 2 - Monthly energy consumption for all equipment’s used in both systems. 

Table 2 displays, for the same year, the global energy used. 

Table 2 - Annual energy consumption for both systems. 

 Dry evaporator Flooed evaporator 

COP (average) 3,39 3,39 
Energy consumption   

Fans and pumps (kWh) 69 535 69 535 
Compressors (kWh) 386 847 386 847 

Total  (kWh) 456 382 456 382 
Savings   

Anual savings (kWh) - - 
Anual savings (kWh) - - 

It was also calculated the lifetime of both systems as shown in Table3. 

Table 3- Lifetime costs 

 Dry evaporator Flooded evaporator 

Cost of equipments (€) 47500 49365 
IRR (%) - -100 

Total anual costs (€) 64 259 64 259 
Pay back period (years) - Inf 

Energy costs (kWh) 578 394 578 394 
Lifetime costs (€) 625 894 627 759 

Based on the results obtained for the refrigeration cycle with dry evaporator without 
overheating and flooded evaporator by gravity it is visible that the running costs of the two 
systems are all identical. This information is supported by table 2. Taking in account that the 
working fluid enters exactly in the same thermodynamic state in both evaporators, such 
behaviour would be expected. 
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Dry evaporator without overheating vs flooded evaporator with pump 

Considering the need to use a circulation pump it is expected that energy consumption 
increases compared to the previous condition of the flooded evaporator. 

In Fig.3 it is show the energy consumption per month of both systems for all equipment’s 
used. 

 

Fig. 3 - Monthly energy consumption for all equipment’s used in both systems. 

Table 4 displays, for the same year, the global energy used. 

Table 4 - Annual energy consumption for both systems. 

 Dry evaporator Flooed evaporator 

COP (average) 3,39 3,39 
Energy consumption   

Fans and pumps (kWh) 69 535 69 759 
Compressors (kWh) 386 847 386 847 

Total  (kWh) 456 382 456 606 
Savings   

Anual savings (kWh) - -224 
Anual savings (kWh) - - 

 

It was also calculated the lifetime of both systems as shown in Table5. 

Table 5 - Lifetime costs 

 Dry evaporator Flooded evaporator 

Cost of equipments (€) 47500 49365 
IRR (%) - -100 

Total anual costs (€) 64 259 64 259 (+31) 
Pay back period (years) - -59 

Energy costs (kWh) 578 394 578 678 
Lifetime costs (€) 625 894 628 043 (+2 149) 
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The need for the inclusion of a circulating pump in the flooded evaporator implies a higher 
consumption in the system. Thus, and analysing the information regarding the annual energy 
consumption of the systems, it is clear that this element is responsible for an increase of 224 
kWh in energy consumed annually. 

 

Dry evaporator with useless overheating vs flooded evaporator by gravity 
(without pump) 

The presence of unnecessary overheating is very common in cycles with dry evaporators, 
since from the exit of the evaporator to the inlet of the compressor, due to the piping length 
(which may be long), absorbs heat from the environment, which results in an increase in the 
compression work. 

Considering the presence of unnecessary overheating of 6°C at the inlet of the compressor, 
the following results were obtained. 

In Fig.4 it is show the energy consumption per month of both systems for all equipment’s 
used. 

 

 
Fig. 4 - Monthly energy consumption for all equipment’s used in both systems. 

 

Table 6 displays, for the same year, the global energy used. 

 

Table 6 - Lifetime costs 

 Dry evaporator Flooed evaporator 

COP (average) 3,28 3,39 
Energy consumption   

Fans and pumps (kWh) 71 494 69 535 
Compressors (kWh) 400 469 386 847 

Total  (kWh) 471 963 456 382 
Savings   

Anual savings (kWh) - 15 581 
Anual savings (kWh) - 3,3 
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It was also calculated the lifetime of both systems as shown in Table7. 
 

Table 7 - Lifetime costs 

 Dry evaporator Flooded evaporator 

Cost of equipments (€) 47500 49365 
IRR (%) - 117,58 

Total anual costs (€) 66 452 64 259 (-2 194) 
Pay back period (years) - 0,9 

Energy costs (kWh) 598 141 578 394 
Lifetime costs (€) 645 641 627 759 (-17 882) 

 

CONCLUSIONS 

It was concluded that introduction of a flooded evaporator reduces the annual energy 
consumption having, however, a higher initial investment cost. 

In fact, when considering the presence of useless overheating in the dry evaporators, the cost 
difference of annual operation reaches 2194 € (the higher the greater the useless overheating), 
revealing that the flooded evaporators is a more economical solution even with a higher initial 
cost (the payback time in less than one year). Regarding energy consumption, with the 
flooded evaporator, and for the same situations, a reduction of 15581 kWh was obtained. 

With a direct comparison of a dry and a flooded evaporator it can be concluded that the latter 
is more efficient than the first. The reason is due to the fact that the heat conduction is higher 
in liquid fluids than in fluids in the vapour state. Thus, as in a flooded evaporator the amount 
of liquid inside it is higher, it is expected a greater heat absorption therein. 
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ABSTRACT 

The aim of this work is analyze the influence of the weather in the operation and behavior of 
heat pumps. They are similar, the difference between them being the evaporator. One 
operates, with an evaporation temperature 9° C below the ambient temperature (system 1) and 
the other one (system 2) with a constant evaporation temperature equal to 0°C wherever 
possible. The purpose of the heat pumps was for heating a small office. For both systems a 
constant temperature of 20ºC was set to be kept in the office. The working fluid is the R134. 
In order to analyze the influence of the ambient temperature upon the energy consumption of 
the heat pumps, three different cities were chosen: Porto, Bragança and Faro located in 
Portugal. The study was carried out monthly for one typical year of these cities. With these 
results it was concluded that the design of a heat pump depends on the local weather as well 
as the time of the year in which it operates, the energy consumption being higher in months 
with lower temperatures. It was also possible to conclude that the work expended by fans, 
necessary to increase the coefficient of heat transfer in the heat exchanger of the system, can 
be decisive in the economy of the energy consumption. These reasons lead to system 2 which 
is more efficient in locations with mild climate and system 1 better in colder climates. 

Keywords: heat pumps, evaporators, COP, energy consumption. 

 

INTRODUCTION 

Currently, the use of refrigeration systems is indispensable (Afonso, 2012). They play a 
fundamental role in areas ranging from the preservation of perishable products, the 
pharmaceutical industry or air conditioning. In fact, uncommon is the house where there are 
no refrigeration systems installed, be it air conditioner or the refrigerator itself. The scale of 
applications increases significantly when, instead of considering only domestic applications, it 
is taken in account industrial, commercial, transportation, among others.  

In recent years, with the concept of sustainable development (Bulletin of IIR, 2002), it 
became clear that changes would have to be made to conventional refrigeration systems trying 
to increase their efficiency to the maximum, and so, reducing the energy consumed without 
compromising the heating effect. 

Besides the compressors, the major energy consumer of these systems, the evaporators also 
influence the energy consumption, due to their design as well as its dependence regarding the 
weather. 

In this work the simulations were carried out using the Pack Calculation Pro software (IPU, 
2016). 
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THE SYSTEM and COMPONENTS 

The system of the heat pumps is shown schematically in Fig.1, with two compressors working 
in parallel and with an internal heat exchanger. Both systems are a single stage compression 
and expansion. 
The compressors chosen have the characteristics represented in Fig.2. 
The two compressors chosen are identical, Blitzer model 2CC-6.2Y, and they can operate 
between an evaporation and condensation temperature of -15°C and 22°C respectively. The 
cooling power is 20.5 kW and the heating power is 25.7 kW when the outside temperature is -
12ºC. 
 

 
Fig. 1 - The heat pump studied. 

 

 
 

Fig. 2 - Characteristics of the compressors. 
 

For different outside temperatures, the necessary heat power is: 
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�� = 25,7−0,04·[�out−(−12)] ·25,7 [kW] 

In order to know from which ambient temperature there is no heating, it´s enough to equate 
the equation shown to zero and obtain a temperature of 13ºC. That is, whenever the ambient 
temperature is equal to or greater than 13ºC, the system shuts off and there is no heating 
power. 

As said, system 1 imposes an evaporation temperature dependent on ambient temperature. 
The evaporation temperature, Te, is always 9°C lower than the ambient temperature. In 
addition, the maximum evaporation temperature was fixed at 8ºC, the overheating 
temperature considered was 10ºC totally useful. Finally, it was considered that the heat source 
with which the evaporator exchanges heat is air, the efficiency of the internal heat exchanger 
is 40% and the fan speed, used to increase the coefficient of heat transfer, is controlled. 

 

RESULTS  

Porto city 

Fig. 3 displays the monthly energy consumption of both systems for Porto city. 

 

 

Fig. 3 - Monthly energy consumptions for the two heat pumps in Porto city. 

 

In the dark and light blue bars it is represented he energy consumed by the compressor in 
system 1 and the energy consumed by pumps and fans 1. Similarly, the bars in dark orange 
and light shows the same kind of information, but in relation to the system 2. The black curve 
represents the outdoor average temperature along the year. It is possible to observe that 
January represents the month of greatest total energy consumption, 651.8 kWh for system 1 
and 658.9 kWh for system 2, and in June, July, August and September the two systems do not 
operate completely. 

Table 1 represents the summary for one-year operation. In the results of this simulation it is 
emphasized that in both cases 100% of the load was always satisfied and therefore the 
systems would have no problem to meet the requirements. Another point to note is that for the 
weather conditions in Oporto, system 2 performs better with a COP of 4.1 against a COP of 
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3.46 of system 1, which would represent an annual saving of 449 kWh of energy or 16 % Of 
the total energy consumed by the system 1. 

 

 

Table 1 - Behaviour of the heat pumps in Oporto city. 

 

 

 

 

Bragança city 

Fig. 4 displays the monthly energy consumption of both systems for Bragança city. As for 
Porto city, the meaning of bars is already explained. 

 

 

Fig. 4 - Monthly energy consumptions for the two heat pumps in Bragança city. 
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Table 2 represents the summary for one-year operation. 

 

 
Table 2 - Behaviour of the heat pumps in Bragança city. 

 

 

 

For Bragança city, it was verified that system 1 would be the most efficient with a COP of 
4.55 compared to a COP of 4.41 of system 2. Consequently, there is an annual energetic 
savings of 197 kWh with system 1.  

 

Fig. 5 displays the monthly energy consumption of both systems for faro city. As for Porto 
city, the meaning of bars is already explained. 

Table 3 represents the summary for one-year operation. 

 

 

 

Fig. 4 - Monthly energy consumptions for the two heat pumps in Faro city. 
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Table 3 - Behaviour of the heat pumps in Bragança city. 

 

In Faro city, it was concluded that system 2 is more profitable with a COP of 3.67 higher than 
a COP of 2.45 of system 1. Consequently, there is an annual energetic savings of 395 kWh 
with system 2. 

  

CONCLUSIONS 

From the simulations it is possible to withdraw the following conclusions: 

- The choice of the compressors is crucial, since only knowing their thermal capacities, 
we can predict the heating power that can be obtained; 

- Heat pumps must be designed taking into account the local climate of the place where 
they will be used, as their performance is highly dependent on it; 

- System 2, where the evaporation temperature was whenever possible equal to 0ºC, 
performed better in places where the climate was warmer because it spent less energy 
on the fan work in the evaporator; 

- System 1, where the temperature was outside temperature dependent, performed better 
at locations where the weather was cooler, as a result of lower evaporation 
temperatures, which resulted in greater energy savings in the evaporator fans 
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ABSTRACT 

The growing demands concerning thermal comfort and energy efficiency of buildings has 
motivated significant changes on the construction of enclosure walls. In this paper, thermal 
dynamic analysis was performed through numerical simulations in order to analyse the 
influence of enclosure masonry walls on the energy consumption of buildings without HVAC 
systems installed. The simultaneous influence of several factors was taken into account, such 
as indoor ventilation, glazing orientation, occupancy, local weathers, and thermal resistance 
of external walls. To limit the analysis a set of conditions, established for Portugal, were used 
in the simulations: two different weather conditions and three of the most common housing 
typologies built with different enclosure masonry wall systems. 

Keywords: energy, efficiency, consumption, masonry walls. 

 

INTRODUCTION 

It is commonly accepted that the planet’s energy sustainability is based on the use of 
renewable energy, energy saving, and the energy efficiency of equipment and facilities. 

Therefore, the reduction of the energy consumption and efficient use of energy in buildings 
have become increasingly important. 

In recent decades the energy demands have increased, with a high impact on the building 
sector since it is estimated that this sector is responsible for consuming 40% of the total 
energy used in the European Union. Therefore, according to the directive on buildings energy 
performance (EPBD 2010), all buildings constructed after 2020, or after 2018 in the case of 
public service buildings, should be nearly zero energy buildings.  

Therefore in order to achieve this demanding goal, it is necessary to minimize energy 
consumptions without affecting the thermal comfort requirements. In the case of the 
construction sector, it has to improve the techniques and performance of the materials used in 
buildings, such as the construction of enclosure walls with lower thermal transmittance. 
However, other aspects besides the properties of the envelope should be considered in the 
buildings thermal design, such as the ventilation and occupation, external environments 
conditions and the thermal inertia provided by the buildings or building components, thus 
reflecting the need for more demanding/detailed analysis. 

The best way to study thermal behaviour of buildings is to perform simulations in dynamic 
regime. Dynamic analyses are complex and require many parameters, which vary both with 
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the climate as with the type of occupation. These parameters can be grouped as internal and 
external conditions and properties of the envelope. 

Accordingly to a parametric study performed by Sousa et al. (2015), heavyweight 
construction, definition that applies for the most common type of buildings, such as 
concrete/masonry buildings and enclosure masonry walls, can ensure better stability to indoor 
temperatures than lightweight construction. Moreover, lightweight construction can overheat 
the interior spaces in the cooling season, even if having the same thermal resistance as the 
heavyweight construction.  

Also the use of envelopes/facades with higher thermal insulation can increase the stability of 
indoor temperature. However it can reduce slightly the indoor temperatures if the insulation 
layer is mounted on the inside of those envelopes/facades.  Also a large presence of glazing, 
especially when inserted in facades with higher solar exposure, and the use of high rates of 
ventilation can reduce temperature stability given by the thermal mass.  

 

CONCLUSIONS 

From the obtained results in the numerical study simulating the thermal dynamic analysis of 
buildings it was concluded that the housing typology can reduce the energy consumption of 
buildings, therefore highlighting the fundamental role of architecture in the passive solar 
design of buildings. 

Also the use of enclosure walls with improved thermal performance is an important factor, 
since depending on the ratio between glazing and opaque areas, the decrease of thermal 
transmittance (U value) can significantly reduce energy consumption of buildings, especially 
in the heating season. On the other hand, the importance of the wall thermal transmittance 
may not be as relevant in the cooling season, given the possible use of higher areas of glazing 
elements, especially when these are orientated to the highest sun. 

Finally, it is highlighted the importance of designing enclosure walls by taking into account 
the thermal dynamic behaviour of buildings. Moreover, it is also important to establish 
measures for an efficient architectural design of buildings facades from an energy point of 
view. 
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ABSTRACT 

The paper’s purpose was to analyze the climatic characteristics of Petropolis’ city, which 
is located at 809,5 meters above sea level in the State of Rio de Janeiro, Brazil. The region 
presents a tropical humid weather, which includes a rigorous winter, and most city 
residents do not have houses prepared to face these conditions during winter times. 
Therefore, the paper´s intention was to investigate passive heating and cooling systems 
more appropriated to improve comfort and energy savings in this building’s typology. 
This article considers alternatives for higher thermal comfort inside the house by 
implementing solar energy, reducing energy expenditure and the addition of building 
materials, Trombe Walls and other ways that might offer thermal equilibrium and less 
heat loss. Thus, it was necessary to analyze its climate and passive heating systems that 
would perform appropriately in this type of weather, selecting the most suitable ones. The 
methodology is a case study of residential houses located in Petropolis city employing 
simulation. The results pointed out the comfort conditions related to each construction 
options studied. An important benefit of the approach is building design energy efficiency 
aimed at improving building performance and stimulating the design of sustainable 
houses. Incorporating passive system is an idea that can change owners’ lifestyle, 
establishing a more economical and comfortable building design´s solutions.  

Keywords: passive systems, Trombe walls, bioclimatic architecture. 

 

INTRODUCTION 

According to IBGE’s data, the estimated population in Petrópolis’ city in 2015 was of 
298.142 habitants. The city presents a tropical climate with average temperature of 22ºC. It is 
a very humid local, in a way that many of its habitants develop respiratory problems. 

The edifications in Petrópolis’ city are not adapted for the climate the region manifests, 
damaging the thermal comfort. In the winter, the temperatures drop considerably, and many 
times the thermal sensation is even lower; besides, during the year, the periods of rain are 
intense. In addition to that, there is not a specific study, methods and adequate materials are 
not used to prevent this discomfort inside the houses and buildings. The National Institute of 
Meteorology (NIMET) provided the data obtained in standardized periods of 30 years 
(1961-1990), which made possible to understand the climate and then make the 
bioclimatic letter of the city. 

In order to solve this problem, the most adequate Passive Heating Systems were studied, 
so that the heat generated by the sun during the day stays withheld for a longer period, 
ensuring the residence´s heating in the course of the night, slowing the imbalance of the 
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external and internal temperatures. Furthermore, the thermal insulation was verified to 
ensure a minimal heat loss and the proper material to heating absorption and to its 
preservation in the winter. It is also important to study the ability to use water provided 
from frequent rain, as well as the sun light is storage during the day, in order to reduce 
expenses, both of water and electric bills, and, with that, contribute to the environment. 

 

RESULTS AND CONCLUSIONS 

The residence’s thermal comfort is a matter of great pertinence, because the population is 
strongly affected by the fact that the residences do not offer a well-being especially during 
the winter, which is also the cause of the development of respiratory illness. As a result of 
this study’s application, it may be mentioned the construction of economically less 
expensive residences in the long-term, the generation of jobs, the reuse of discarded 
material, which may serve as non-waste incentive for the population, and to the use of 
material provided by nature, which can be beneficial and economic to the monthly bills.  

The study of the use of methods and building materials was part of this essay’s challenge, 
as well as the use of local material and work force. This project is theoretical and practical 
and has a possible future application.   
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ABSTRACT 

This paper provides a first statistical analysis based on a number of residential building 
energy certificates aiming at contributing towards a better thermal characterization of the 
current mainland Portuguese residential building stock. The analysis underlines the 
importance of several certification parameters, such as climate and location, period of 
construction and others, in regards to the rating outcomes. Furthermore, the general impact of 
suggested improvement measures on the expected energy demand, the certified energy rating 
and the estimated energy savings are explored. 

Keywords: residential building, energy performance, housing stock analysis 

 

INTRODUCTION 

Building regulation incorporating energy performance considerations was adopted in Portugal 
in 1991, seeing a first remarkably successful application case in buildings designed for the 
EXPO’98 housing stock. Yet, energy certification of buildings has only been in use in 
Portugal since 2006, following the EU’s original Energy Performance of Buildings Directive 
of 2002 (EPBD, 2002), later revised in 2010 (EPBD, 2010). 

The certification process aims at monitoring and supervising the quality not only of new 
building projects and constructions or big renovations, but also of existing buildings, 
particularly when these are to be put in the market for renting or selling. In practical terms, 
the implementation of this process has implied the creation of a certificate’s database, 
managed by the Portuguese Agency for Energy (ADENE). Today that database contains 
information about over 1 million certified buildings of all ages. Given the many details 
collected during the energy assessment, the database constitutes a great source of information 
allowing for a better picture of the current building stock once adequately analyzed and 
allowing for a better understanding about how certain parameters are paramount in the actual 
building design and construction practices.  

Given that energy performance of buildings depends on building-associated characteristics, 
even relevant in a much-diversified microclimate as Portugal’s case, a first general 
characterization of the Portuguese housing stock is performed. In particular, according to the 
2001 Census (INE 2001) the Portuguese housing stock was composed of 3,543,595 buildings, 
covering 5,877,991 housing units with an average age of 34 years. The certificate’s sample 
supporting the current study, provided by ADENE, contains all the new certificates collected 
during the month of May 2016. 
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This paper presents an initial statistical study constituting a first step towards the 
characterization of mainland Portuguese residential building stock and considers parameters 
such as climate zone and geographical location, age, type of construction and building 
physical characteristics. Furthermore, a brief analysis of the Energy Performance Certificates 
(EPC’s) and of their relationship with the improvement measures proposed by the qualified 
experts is presented. As EPC’s recommendation report indicates improvement measures, 
which can help reduce the amount of energy and provides possible costs savings per year if 
the improvements are made, the existing relation between improvement costs, EPC’s before 
and after improvement measures are made and costs savings per year are studied.  

Within the scope of this work, a new statistical analysis is explored, aiming at clarifying the 
status of the housing stock, with considerations about their location/climate and year of 
construction. Furthermore, a look at the improvement measures proposed by the energy 
certification experts within the certification process is explored aiming at enhancing the 
description of the housing stock through data compiled in the buildings.  

 

DATA AND ANALYSIS METHODS 

The analysis here presented is based on ADENE's national energy certification system 
database, but was limited to 11,588 new certificates for the month of May 2016. Each 
certificate corresponds to an autonomous building (detached or semi-detached dwelling) or 
fraction thereof (apartment). All certificate types were considered in the analysis, namely 
certificates for new and existing buildings, as well as for big interventions. The analysis left 
out the cases from the autonomous regions of Açores and Madeira, to be focused only on the 
mainland building stock.  

The available 11,588 certificates to be included in the analysis represent approximately 0.2% 
of the total Portuguese mainland residential housing stock as of 2016. The Portuguese 
residential housing stock stands for the total of the usual residence, secondary residence and 
non-occupied autonomous fractions. 

The data analysis encompassed finding mean for quantitative variables and percentages for 
ordinal and qualitative variables. The magnitude of the association between quantitative 
variables was also performed, using bivariate analysis with correlation coefficient rho of 
Pearson. 

 

RESULTS 

In the range of the certificates analysed in this paper, the majority of the buildings (2,357) 
were built between 1981 and 1990, followed by 1,794 buildings constructed after 2005, and 
the minority of the buildings (184) built before 1918 (Table 1). 

Of the total of 11,588 classic buildings certified in May 2016, 41% corresponded to those 
built after 1996 (4,762), while another 31% were for buildings built between 1971 and 1990 
(3,561). The remaining sample buildings have been generally evenly distributed for each of 
the decades, but there has been a slight downward trend in the number of buildings from the 
beginning of the XX century.  
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The region with the highest number of old buildings certified in May 2016, i.e. constructed 
before 1919, was Área Metropolitana de Lisboa (AML), which accounted for approximately 
70% of the total sample of residential buildings constructed till then. Conversely, Algarve had 
the lowest representation of old buildings in the sample, with approximately 3%. The Norte 
region accounted for the highest percentage of residential buildings constructed after 2005. In 
contrast, the region with the lower fraction of buildings constructed after 2005 was Alentejo. 
Of the total of 4,175 certified buildings (May 2016) of AML, 463 were built after 2005.  

Table 1 - Number of classic buildings (N) according to the construction period of the building 

 

Regarding the number of floors the sample size was reduced to 9604 certified buildings since, 
for the rest, the information was either missing or referring to buildings of more than 6 floors. 
As expected, the densely populated urban areas have a larger representation of residential 
buildings with more floors when compared to the rural areas. For example, in Alentejo more 
than 70% of the sample residential buildings have fewer than 2 floors. In general, 2/3 of the 
sample mainland residential buildings have between 2 and 4 floors (Table 2). 

The thermal inertia parameter (It) represents the internal surfaces’ capacity to store heat, an 
effect that is particularly helpful in reducing indoor thermal amplitudes, potentially resulting 
in lower needs for heating and cooling. In general, the majority of buildings have either 
medium or strong thermal inertia (Table 2). Analysing the certificates sample through time, it 
can be seen that there were smooth inertia variations, with a decrease in the capacity to store 
heat between [1971; 1980] and [1981; 1990] construction periods, followed by an increase 
after 2005. This was expected given the typical construction techniques and materials in 
Portugal because of a millenary process of vernacular architecture exploring passive solutions 
adapted to the local climate and culture. Some of the medium and weak inertia buildings 
probably use plasterboard solutions that block thermal conduction between air and the walls, 
thus impeding the known positive effects of thermal inertia. However, in the sample, less than 
2% of the total buildings shows weak thermal inertia, suggesting that a more detailed 
construction analysis may be warranted in order to clarify the presence of pernicious 
plasterboard solutions. 

 Norte Centro AML Alentejo Algarve Total 

N (%) N (%) N (%) N (%) N (%) N (%) 

< 1919 22 (0.8) 16 (0.7) 130 (3.1) 11 (1.5) 5 (0.3) 184 (1.6) 

[1919;1945] 85 (3.0) 67 (3.1) 258 (6.2) 69 (9.4) 33 (2.0) 512 (4.4) 

[1946;1960] 128 (4.5) 166 (7.7) 367 (8.8) 74 (10.1) 56 (3.4) 791 (6.8) 

[1961;1970] 135 (4.8) 109 (5.1) 341 (8.2) 64 (8.7) 39 (2.4) 688 (5.9) 

[1971;1980] 188 (6.6) 174 (8.1) 640 (15.3) 77 (10.5) 125 (7.5) 1204 (10.4) 

[1981;1990] 532 (18.7) 422 (19.6) 950 (22.8) 120 (16.3) 333 (20.1) 2357 (20.4) 

[1991;1995] 331 (11.6) 197 (9.1) 278 (6.7) 47 (6.4) 215 (13.0) 1068 (9.2) 

[1996;2000] 426 (15.0) 244 (11.3) 312 (7.5) 69 (9.4) 186 (11.2) 1237 (10.7) 

[2001;2005] 534 (18.8) 363 (16.8) 436 (10.4) 109 (14.9) 289 (17.4) 1731 (15.0) 

>2005 461 (16.2) 398 (18.5) 463 (11.1) 94 (12.8) 378 (22.8) 1794 (15.5) 
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Table 2 - Buildings characterization by number of floors and inertia 

 

 
Table 3 presents and clearly highlights the distribution of certified buildings within the two 
classifications for climatic zones, corresponding to winter and summer characteristics. 
Buildings built in I1 climatic zone (the milder winter climate) clearly predominate, as do the 
residential buildings certified in S2 summer climate zone, although with only a slightly higher 
representation than the ones in the S3 (Table 3). 

 

Table 3 - Buildings characterization by climate zones 

 

Within the framework for building certification, the qualified experts propose improvement 
measures for each certified building, along with an estimate of the expected energy savings 
and cost of investments. Of all the certificates, 96% had at least one proposed improvement 
measure. 

The NUTSII that had the fewest proposals for improvement measures was Algarve, with only 
94% of the total, while the highest number of proposals was for buildings in Alentejo, with 
98% (Table 4). Regarding EPC, the NUTSII which has the most buildings with the best 
energy certification (A+) before improvement measures is the Center (2%), and the one with 
the least buildings with this classification is Alentejo, in which there is no building with the 
A+ rating. 

The buildings with the lowest energy classification (F) before the improvement measures are 
in the Alentejo (31%), and it is in the AML that there are the fewest of them (12%). The same 
is verified after the improvement measures are taken into account relatively to high EPC 
except in the lowest percentage of buildings with higher EPC, where Alentejo is replaced by 
AML. Concerning F rating, it is Centro and Alentejo that had the lowest EPC buildings, 
approximately 30% in each of their residential building stock before improvement measures 
were taken into account (Table 4). The analysis did not find significant relationship between 
estimated costs savings per year if and improvement costs. 

 

  Norte Centro AML Alentejo Algarve Total 

  N (% ) N (% ) N (% ) N (% ) N (% ) N (% ) 

Number 
Of 

Floors 

1 216 (9) 328 (16.4) 180 (5.9) 278 (38.6) 214 (14.9) 1216 (12.7) 

2 681 (28.5) 689 (34.4) 446 (14.6) 239 (33.2) 507 (35.2) 2562 (26.7) 

3 486 (20.4) 377 (18.8) 478 (15.7) 102 (14.2) 292 (20.3) 1735 (18.1) 

4 480 (20.1) 312 (15.6) 904 (29.6) 73 (10.1) 237 (16.5) 2006 (20.9) 

5 285 (11.9) 199 (9.9) 671 (22) 19 (2.6) 126 (8.8) 1300 (13.5) 

6 240 (10.1) 98 (4.9) 374 (12.3) 9  (1.3) 64 (4.4) 785 (8.2) 

I nertia Strong 1405 (49.4) 1108 (51.3) 1937 (46.3) 417 (56.7) 1095 (65.8) 5962 (51.4) 

Medium 1383 (48.6) 1037 (48) 2180 (52.1) 312 (42.4) 561 (33.7) 5473 (47.2) 

Weak 59 (2.1) 15 (0.7) 66 (1.6) 6 (0.8) 7 (0.4) 153 (1.3) 

 
 Winter Zone Summer Zone 

 I1 I2 I3 S1 S2 S3 

N 8902 2416 270 55 6480 5053 

(%) (76.8)  (21) (2) (0) (56) (44) 
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Table 4 - Buildings Characterization by Improvemement Measures (IM) and Energy Performance Certificate 

 

 
 
It is worth mentioning that no significant correlations were found for geographical location or 
energy needs, be it heating, cooling or total. However, the importance of climate but also of 
the specific building location or even of an apartment within a particular building (e.g. 
regarding the orientation of the façades towards the Sun), have been proven to be relevant, but 
for such a small sample of buildings covering the whole country, the analysis becomes 
difficult. Yet, another basic reason is that for a large area of the country, the climatic 
differences cannot be fully considered given the fact that heating and cooling are treated with 
some disregard due to cultural and budget reasons.    

 

CONCLUSION 

The results in this study attempted to analyse the situation of Portuguese residential stock 
after the adoption of the EPBD in Portugal and, with it, aimed at getting an enhanced 
description of the energy performance of the mainland buildings certified in May 2016. 

This analysis was a first step in exemplifying how the certification data can be used in helping 
inform policymaking towards improving the energy performance of Portugal’s residential 
buildings, and contributing to the promotion of better indoor environments (i.e. the health and 
comfort of citizens) together with the global environmental sustainability through wise and 
informed energy sufficiency strategies, i.e., those that use the building as true management 
energy systems through their design, construction,  and use. 

 

 
  Norte Centro AML Alentejo Algarve Total 

  N (%) N (%) N (%) N (%) N (%) N (%) 

IM No 123 (4.3) 114 (5.3) 168 (4) (13) (1.8) 93 (5.6) 511 (4.4) 

 Yes 2724 (95.7) 2046 (94.7) 4015 (96) (722) (98.2) 1570 (94.4) 11077 (95.6) 

EPC A+ 48 (1.7) 51 (2.4) 2 (0) (0) (0) 9 (0.5) 110 (0.9) 

 A 66 (2.3) 63 (2.9) 67 (1.6) (11) (1.5) 46 (2.8) 253 (2.2) 

 B- 167 (5.9) 101 (4.7) 134 (3.2) (15) (2) 67 (4) 484 (4.2) 

 B 125 (4.4) 66 (3.1) 83 (2) (20) (2.7) 85 (5.1) 379 (3.3) 

 C 613 (21.5) 320 (14.8) 935 (22.4) (85) (11.6) 393 (23.6) 2346 (20.2) 

 D 807 (28.3) 505 (23.4) 1512 (36.1) (183) (24.9) 490 (29.5) 3497 (30.2) 

 E 557 (19.6) 481 (22.3) 945 (22.6) (193) (26.3) 325 (19.5) 2501 (21.6) 

 F 464 (16.3) 573 (26.5) 505 (12.1) (228) (31) 248 (14.9) 2018 (17.4) 

EPC after A+ 166 (5.8) 190 (8.8) 58 (1.4) (11) (1.5) 49 (2.9) 474 (4.1) 

 A 327 (11.5) 358 (16.6) 357 (8.5) (63) (8.6) 246 (14.8) 1351 (11.7) 

 B- 630 (22.1) 398 (18.4) 1095 (26.2) (161) (21.9) 354 (21.3) 2638 (22.8) 

 B 331 (11.6) 220 (10.2) 324 (7.7) (94) (12.8) 219 (13.2) 1188 (10.3) 

 C 1050 (36.9) 677 (31.3) 1860 (44.5) (268) (36.5) 658 (39.6) 4513 (38.9) 

 D 269 (9.4) 229 (10.6) 393 (9.4) (116) (15.8) 111 (6.7) 1118 (9.6) 

 E 63 (2.2) 68 (3.1) 79 (1.9) (21) (2.9) 23 (1.4) 254 (2.2) 

 F 11 (0.4) 20 (0.9) 17 (0.4) (1) (0.1) 3 (0.2) 52 (0.4) 
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ABSTRACT 

Light steel frame (LSF) and prefabricated panels are widely used in non-load-bearing walls, 
with direct application to steel framed buildings. The fire resistance is usually provided by 
one or more layers of fire protection materials and the assembly is able to achieve a fire 
resistance in accordance to technical regulations. Different types of board material can be 
applied, including gypsum-based boards. This investigation evaluates the behaviour of the 
cavity, with and without insulation material. The finite volume method is applied to perform 
the thermal analysis of the wall taking into account the fluid effect in the cavity. The finite 
element method is applied to perform the thermal analysis of the wall with insulation material 
in the cavity. The fire resistance is compared for both models (with and without insulation) 
and a new simple formula is proposed for the temperature evolution in the cavity zone. Some 
insulant materials can reduce the fire resistance of the wall, when considering the insulation 
criterion. 

Keywords: LSF walls, fire resistance, ANSYS FLUENT, ANSYS MULTIPHYSICS. 

 

INTRODUCTION 

There is a wide range of application for non-loadbearing LSF walls in buildings, such as multi 
storey offices, educational buildings, health buildings, residential buildings and other type of 
public buildings. Non-loadbearing LSF walls prevent fire propagation into adjacent rooms, 
and must meet the requirements for fire resistance: prevent the propagation of fire; tightness 
against inflammable gas; and limitation of the temperature of the unexposed surface. The fire 
protection is usually provided by one or more layers of fire protection materials. Members 
which meet fire resistance standards are the result of the proper combination of certain 
materials and elements. The thin steel sections must be covered with a sheathing to prevent 
them from being damaged by fire. Self-drilling screws are commonly used in this assembly 
and should also be fire protected. Some incombustible insulation material can improve the fire 
resistance of the LSF wall, especially keeping the integrity of the wall (Arcelor, 2005). 
Gypsum plates and rockwool insulation have been approved as fire protection materials and 
can be combined with steel to build fire resistance walls, see Fig. 1.  

The fire performance of the building product is regulated by the European standard EN13501-
2 (CEN, 2009), using data from fire resistance tests. The performance characteristics must 
include the integrity capacity (E) (not evaluated in this investigation but with great 
importance during test) and the insulation capacity (I). The assessment of the insulation (I) 
shall be made by the calculation of the average temperature rise on the unexposed face limited 
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to 140 °C above the initial average temperature, or, with the maximum temperature rise at any 
point limited to 180 °C above the initial average temperature, see Fig. 1. 

Three light steel frames are to be analysed. The main difference is the number of steel studs, 
which are going to affect the temperature distribution in the unexposed surface. The 
simulation also includes different number of panels (one gypsum panel and two gypsum 
panels). The cavity is also simulated without solid insulation and with rockwool. 

   
(a) Steel frame with 5 studs (b) Steel frame with 3 studs (c) Steel frame with 4 studs 

Fig. 1 - Steel frame structure and panels. 

A total of 12 simulations are presented, divided in two groups. One group was simulated with 
thermal and fluid analysis for both solid and fluid parts, while the other group considered only 
the thermal analysis for solids, assuming perfect contact between materials. 

 

NON-LOAD BEARING WALLS UNDER FIRE 

The non-loadbearing walls under analysis are made of a light steel frame structure (studs and 
tracks) separated by different distances. Two different layers of gypsum were considered, 
each with 12.5 mm thickness. The insulation of the cavity uses rockwool with 120 kg/m3 
density. Fig. 2 represents the cross sections that were analysed. The geometry of this wall is 
representative of the full-scale wall. The assembly uses vertical members (studs) made of 
steel GD280 using the profile C90x43x15x1.5 and horizontal members (tracks) made of steel 
GD280 using the profile U93x43x1.5.  

    
CASE 1B (tfire=70.5 min) CASE 1A (tfire>240 min) CASE 1C (tfire=78.4 min) CASE 1D (tfire=171.8 min) 

    
CASE 2B (tfire=72.3 min) CASE 2A (tfire>240 min) CASE 2C (tfire=78.5 min) CASE 2D (tfire=172.1 min) 

    
CASE 3B (tfire=88.1 min) CASE 3A (tfire>240 min) CASE 3C (tfire=78.5 min) CASE 3D (tfire=172.1 min) 

Fig. 2 - Cross sections of non-loadbearing walls. 

One side of the wall is going to be submitted to fire and the other side is assumed to remain in 
contact with room temperature. The boundary conditions are defined in accordance to 
EN1991-1-2 (CEN, 2002), assuming heat transfer by radiation (emissivity of fire 1=fε ) and 
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convection (convection coefficient [ ]KmWc
2/25=α ) in the exposed side and heat transfer by 

convection (convection coefficient [ ]KmWc
2/9=α  to include the radiation component) in the 

unexposed side. The temperature in the exposed side follows the standard ISO834 (ISO, 
1999). 

 

NUMERICAL MODEL 

The numerical model considered fluid behaviour in the cavity of the wall (ANSYS FLUENT 
solver) and also solid behaviour (ANSYS MULTIPHYSICS solver). Only one half of the 
model was consider for each case (type of cross section). 

The flow analysis was considered laminar and based on density variation. The fluid motion is 
induced by heat transfer and the solution is transient and non linear. ANSYS FLUENT 
Density-based solver solves the governing equations of continuity, momentum and energy 
simultaneously. Pressure is obtained through the equation of state. Governing equations for 
additional scalars are solved afterward and sequentially (radiation). 

The integration time for each time step was 60 s, with the possibility to be reduced to 5 s. The 
convergence criterion was based on the residuals for each equation. The numerical model 
divided the cross section in finite cells. The domain variables (pressure, velocity, temperature) 
were calculated in each cell, at the same time. Fig. 3 represents the finite division of all the 
domains (solid and fluid) for CASE 1A, using the size of the cell equal to 0.0005 m. 

 
Fig. 3 - Finite cells used for CASE 1A model. 

The solid model used ANSYS MULTIPHYSICS to solve transient and nonlinear thermal 
analysis, using full option solution method. The same time step was used with similar 
convergence criterion for the heat flow. Fig. 4 represents the mesh of CASE 1D. The density 
of the mesh used for ANSYS MULTIPHISICS is smaller in comparison with the cells used in 
ANSYS FLUENT, nevertheless the thickness of the studs was divided into three finite 
elements. The mesh was defined based on a convergence test. 

 
Fig. 4 - Finite element mesh used for CASE 1D model. 
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MATERIAL PROPERTIES 

The thermal properties are decisive to simulate the performance of the non-loadbearing wall. 
The thermal properties are temperature dependent for all the materials involved. 

Steel presents typical evolution for the specific heat ( psC ) with a maximum value that account 
to the allotropic transformation. The thermal conductivity depends on temperature ( sλ ) and 
specific mass ( sρ ) is considered constant, see Fig. 5, (CEN, 2005). 

The thermal properties of Gypsum X considered in this investigation were determined by 
experiments (Sultan, 1996), using Differential Scanning Calorimeter (DSC) for the specific 
heat ( pgC ), Thermal Conductivity Meter for conductivity ( gλ ) and a vacuum conditioning 
chamber for the specific mass ( gρ ), see Fig. 5.  

The thermal properties of the Rockwool depends on the fabrication process. During the 
production process, the fibres are pressed to achieve different densities, being the heaviest 
ones produced as boards and the lightest as mats. The specific mass of this material ( iρ ) was 
considered equal to 120 kg/m³, being the specific heat ( piC ) and thermal conductivity ( iλ ) 
temperature dependent, see Fig. 5. The fibre itself starts melting around 1000 ºC (Steinar 
Lundberg, 1997). 

 

  
(a) Steel (b) Gypsum X 

  

(c) Rockwool (d) Air 

Fig. 5 - Thermal properties of steel, gypsum, rockwool and air. 
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RESULTS 

The fire resistance of the non-loadbearing wall depends on the calculation of the unexposed 
surface temperature. This temperature is not uniform and depends on the quantity of steel 
included in each type of non-loadbearing wall. The performance criteria used for this 
construction element accounts for the calculation of the average temperature AVET  and 
maximum temperature MAXT . 

The calculation of the maximum temperature and average temperature depends on the 17 
nodal results, distributed over the length of the unexposed surface. Fig. 6 represents the 
temperature field for CASE 1A and CASE 1D, for two time steps. 

 

 
CASE 1A - temperature [K] for time 60 min. CASE 1D - temperature [ºC] for time 60 min. 

 

CASE 1A - temperature [K] for time 170 min. CASE 1D - temperature [ºC] for time 171.8 min. 
 

Fig. 6 - Temperature results for CASE 1A and CASE 1D. 

 

The lip-flange corner of the stud (CASE 1D) presents higher temperature when compared to 
the flange-web corner of the same profile, in the exposed side. The temperature of the lip-
flange corner is smaller than the temperature of the flange-web corner, in the unexposed side 
of the wall. This behaviour may be justified by the higher heat flux expected on the web of 
the stud, due to smaller heat conduction resistance. 

The temperature field of the fluid region (CASE 1A) is not uniform and depends on the 
velocity field. The maximum velocity during simulation was 0.35 m/s. This value is 
responsible for a small convection coefficient inside the cavity. This fact justifies the 
modification of the temperature on the unexposed gypsum plates (ANSYS FLUENT) and the 
increase of fire resistance in comparison to the second group of simulations (ANSYS 
MULTIPHYSICS), see Fig. 7. 
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CASE 1A - CASE 1D - 

  
CASE 1B - CASE 1C - 

  
CASE 2A - CASE 2D - 

  
CASE 2B - CASE 2C - 

Fig. 7 - Time history for Temperature in the unexposed surface (all cases) 
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CASE 3A - CASE 3D - 

  
CASE 3B - CASE 3C - 

 

Fig. 7 (continued) - Time history for Temperature in the unexposed surface (all cases). 

 

The solid material used for insulation of the cavity region (rockwool) has a conductivity 
smaller than the one considered to simulate the fluid (air) in the cavity. This justifies the 
higher conductivity resistance of the air in comparison to rockwool. The conductivity is the 
only mean of heat transfer in the solid cavity, while radiation and convection are also consider 
in the simulation of the fluid cavity. 

 

CONCLUSIONS 

This study shows the fire resistance of non-loadbearing LSF wall when considering the cavity 
simulated with fluid and the cavity simulated with solid. The fire resistance was evaluated 
only for the insulation criterion, therefor by the calculation of the maximum temperature and 
average temperature of the unexposed surface of the wall.  

The fire resistance of the wall depends on the number of plates used in the assembly. When 
only one plate is consider, the walls were fire rated with I 60. The insulation capacity (I) is the 
ability of the element of construction to withstand fire exposure on one side only, without the 
transmission of significant heat transfer from the exposed side to the unexposed side. 
Transmission shall be limited so that neither the unexposed surface nor any material in close 
proximity to that surface is ignited. The element shall also provide a barrier to heat, sufficient 
to protect people nearby. The (I) classification of an element of construction shall be given on 
the basis of the shortest time for which either the maximum or mean temperature rise criteria 
are satisfied on any discrete area. Failure of the integrity criterion (E) shall also mean failure 
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of insulation (I), whether or not the specific insulation temperature limits have been exceeded. 
For this reason, special attention should be consider to the integrity criterion and in particular 
to the fire protection of the connection elements (self-drilling screws). 

The used of two gypsum plates with 12.5 mm thickness each, increase the fire resistance of 
non-loadbearig walls for more than 2 hours. The fire resistance depends on the material used 
for the simulation of the cavity. 

More simulations are being developed with ANSYS FLUENT, considering different 
simulation models, especially trying turbulence models. 

Experimental results should be developed to validate both numerical models used for 
simulation of the assembly, in particular the fire resistance tests and thermal properties 
characterization. 
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ABSTRACT 

This work concerns the study of a double-lap bonded assembly subjected to an impact during 
its exposure to fire. Numerical simulations have been carried out using ABAQUS. They have 
shown that the most sensitive zone is the adhesive which shows an early deterioration. The 
adherent deteriorates less quickly but especially in the areas of the glue. Moreover, along the 
adhesive, the stress distribution shows a stress concentration at the edges and the average of 
these stresses along the length decreases as a function of the time of exposure to fire. These 
simulations have made it possible to investigate the evolution of stresses in the assembly 
subjected to fire and impact, as a function of the time of exposure to fire. This would assist 
designers in dimensioning bonded assemblies of composite parts in structures. 

Keywords: bonded joints; Impact, fire exposition, numerical simulation. 

 

INTRODUCTION 

Nowadays composite materials are a particularly attractive alternative for the construction of 
naval structures. Insensitive to marine corrosion and seawater, they provide excellent 
buoyancy and enable the production of large and solid hollow volumes. Lightening structures 
is undoubtedly one of the main arguments for the use of these materials. Unfortunately a big 
disadvantage for composite materials is their flammability causing quick degradation of the 
material (A.P. Mouritz, 2006). Nevertheless, in many fire scenarios only the face exposed to 
flames burns and the formed char protects the inside of the material and the unburnt surfaces 
which proves to be great advantage. The characterization of their thermo-mechanical behavior 
when subject to a fire scenario is quite a delicate task since it varies widely from a material to 
another. Therefore it is first necessary to adopt a certain fire thermal model in order to gain 
accurate quantification of the temperature field variation as a function of time. It is also 
necessary to have good experimental data to understand behavior of composites in fire and to 
implement numerical models with input data. In this view, we study in parallel the evolution 
of the properties and the durability of the composites subjected to the high temperatures 
(TranVan et al., 2014; Legrand et al., 2015). Many fire thermal models were proposed based 
on the standard heat equation defining the heat conduction process, accompanied by 
additional terms describing other thermal, physical and chemical processes that are present 
during a fire scenario (A.P. Mouritz, 2006). The most important thermal models were 
provided by Pering et al (G.A. Pering, 1980), Henderson et al (J.B. Henderson, 1985), Gibson 
et al (A.G. Gibson, 1995) and Florio et al (J. Florio, 1991). Knowledge of the temperature 
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variation at different points of the specimen would then make it possible to determine the 
values of the required mechanical properties at each point and at any time of fire exposure. As 
for the mechanical loading since the dynamic impact load is common with adhesive bonded 
assemblies since adhesives, like most polymer materials, are sensitive to the rate of applied 
force. Therefore a dynamic test called the SHPB (B. Hopkinson, 1914) setup i.e. the split 
Hopkinson pressure bars, also named as Kolsky bars in some references, was considered. 
As such in this work we studied the distribution of stresses in a double-lap bonded assembly 
subjected to impact, and fire. The analytical procedure employed envolves: 

- Application of a fire heat flux to the modelled specimen in order to generate the 
through-thickness temperature variation in function of time. 

- Evaluation of the mechanical properties at different points through the thickness. 

- Mechanical modelling of the whole specimen subject to thermal and impact load. 

 

MODEL DESCRIPTION 

The double-lap bonded assembly is constructed of three glass/vinyl-ester composite plates 
bonded together using and epoxy resin as adhesive (Challita, 2009) as shown in Fig. 1 below. 

 

 

Fig. 1 - Double lap joint specimen 
 

The element dimensions are: 
L0 = 14 mm 
LS = 16 mm 
w = 12 mm 
ecentral = 4 mm 
eextreme = 2 mm 
Ta = 0.1 mm. 
 
The thermal and mechanical properties of the glass/vinyl-ester composite adherents are (Feih, 
2007), (C.A.R.M.A, 2014): 
 
vf: Volume fraction of fibres = 55% 
Specific heat of glass = 760 J.kg-1.K-1 
Specific heat of glass/vinyl-ester (45°C) = 960 J.kg-1.K-1 

Specific heat of glass/vinyl-ester (140°C) = 1210 J.kg-1.K-1 

Specific heat of glass/vinyl-ester (290°C) = 1360 J.kg-1.K-1 
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Density of vinyl-ester = 1140 kg.m-3  
Density of glass = 2560 kg.m-3  
Density of glass/vinyl-ester = 1921 kg.m-3 

Thermal conductivity of glass = 1.09 W.m-1.K-1  
Thermal conductivity of vinyl-ester = 0.19 W.m-1.K-1  
Thermal conductivity of glass/vinyl-ester in the direction of fibers = 0.685 W.m-1.K-1 
Thermal conductivity of glass/vinyl-ester in the transversal direction = 0.4296 W.m-1.K-1 
A: Pre-exponential factor of Arrhenius law = 5.59.1013 s-1 
E: Activation energy =2.12.105 J.mol-1  

n: Order of decomposition reaction = 1 
Qp: Heat of decomposition = 378800 J.kg-1  
Decomposition temperature = 350oC 
Young modulus of glass = 72 GPa 
Young modulus of vinyl-ester (25 oC) = 4.15 GPa 
Poisson ration of glass = 0.21 
Poisson ration of vinylester (25 oC) = 0.37 
 
The thermal and mechanical properties of the epoxy adhesive are (C.A.R.M.A, 2014), 
(Chiguma, 2013): 
 
Specific heat = 1000 J.kg-1.K-1 
Thermal conductivity = 1.6 W.m-1.K-1  
Density = 2300 kg.m-3  
Young modulus (25 oC) = 1000 MPa 
Poisson ration (25 oC) = 0.4 
 

FIRE THERMAL MATHEMATICAL MODEL 

The Gibson et al fire thermal model (Gibson, 1995) was chosen to simulate the fire scenario 
in hand since no carbon/fiber reaction will take place under the applied heat flux of 25 
kW/m2. A second reason for its adoption is the implementation easiness and the results 
accuracy achieved through previous research (Feih, 2007), (Dodds, 2000), (Davies, 2006). 
This model includes three of the most important thermal phenomena, which are heat 
conduction, polymer matrix pyrolysis, and diffusion of decomposition gases. The heat 
conduction process is present in almost all fire scenarios. The two other processes appear in 
general when the matrix decomposition process initiates, at temperatures ranging from 250 to 
400°C, depending on the material. The mathematical equation of the Gibson et al fire thermal 
model is (Gibson, 1995): 
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In Eq. (1) x indicates the through thickness direction. On the right side of the equation, the 
three terms are related to heat conduction, polymer matrix pyrolysis and gas convection 
respectively. The enthalpies of the solid material and gas are: 
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Polymer matrix decomposition induces variation of density throughout the specimen. The 
most accurate estimation of this change in density derives from the Arrhenius decomposition 
kinetics and is calculated by (Mouritz, 2009): 
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Where A, n, and E are kinetic parameters found through thermogravimetric analysis (TGA). 
The mass flow rate of pyrolysis gases can be calculated from the continuity equation by 
(Henderson, 1985): 
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The polymer matrix pyrolysis and gas convection terms of Eq. 1 were added to the pre-
defined 3D standard heat equation of ABAQUS software using DFLUX subroutine written in 
the Fortran language (Rizk, 2014). 

 

FIRE THERMAL SIMULATION 

The double lap bonded assembly was modeled in ABAQUS software. The constitutive 
elements were defined as solid parts associated with their relevant thermo-mechanical 
properties and joint together using tie constraints. An adequate mesh of DC3D8 elements 
(Abaqus, 2012) was then applied to each part as shown in Fig. 2. 
 

 
Fig. 2 - Specimen overall mesh 

 

The mesh was refined at the edges, at the areas subject to the applied heat flux where the most 
important changes in temperature are predicted. A heat flux of 25 kW/m2 was then applied to 
the top surface of the assembly, simulating the actual fire case as shown in Fig. 3. 
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Fig. 3 - Assembly model and applied heat flux 

 

The thermal interaction of the whole assembly with the external environment was defined by 
boundary conditions taking into consideration the convective and radiative heat fluxes. A user 
defined body heat flux was also added to include the polymer matrix pyrolysis and gas 
convection terms as per the Gibson et al fire thermal model (Gibson, 1995). As such a 
personalized DFLUX subroutine (Abaqus, 2012) written in the Fortran language was 
required. The heat transfer analysis was then initiated, generating the variation of the 
temperature field throughout the whole assembly as a function of time. Temperature 
variations as a function of time were then extracted at 13 different points in the through-
thickness direction, which serves as input data for the quantification of the mechanical 
properties and the mechanical impact model. Fig. 4 presents the selected points. Fig. 5 
presents the extracted results at each of these points.  
 

 

 
Fig. 4 - Through-thickness temperature extraction points 
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Fig. 5 - Temperature variations in the through-thickness direction 

 

With this data in hand it was then possible to generate the variation of the mechanical 
properties at each depth in the through thickness direction and for each of the materials, 
serving ultimately as input for the mechanical impact model of the specimen when subject to 
fire.  

 

MECHANICAL IMPACT MODEL 

The SHPB (Split Hopkinson Pressure Bar) Test (Hopkinson, 1914) was adopted in order to 
characterize the dynamic behavior of the material subject to impact loading. In the test the 
assembly is sandwiched between two elastic long bars made of the same steel as shown in 
Fig. 6. 

One bar is the input bar i.e. incident, the other is the output bar i.e. transmitter. A third bar, 
called the projectile i.e. striker, will hit the unconstrained end of the input bar, hence 
generating the compressive wave in the input bar. At the interface input bar/sample, only one 
part of this wave will be transmitted from the input bar to the sample, -./0, after the other part 
is reflected in the input bar, -/12. Then, gages cemented on the input bar will record the 
incident and reflected waves, and on the output bar, gages will measure the transmitted wave. 
These three waves will be processed in order to establish the behavior of the tested specimen 
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Fig. 6 - SHPB test schematic 
 

In this study the interest is the shear stress in the adhesive as such average shear stress in the 
adhesive layer should be computed using the below formula: 

3�405(�) = 1
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The shear stress being constant in the direction of the width, from previous studies (Hazimeh, 
2015), values can be extracted at the vertical plane defined by (y=w/2) which serves also as 
one of the two planes of symmetry of the sample, the vertical one. 
 

Thus, 
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Assuming further the stress to be constant in the direction of the thickness: 
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MECHANICAL IMPACT SIMULATION 

The first step into the initiation of the mechanical simulation is the characterization of the 
mechanical properties of the material. 

Previous studies have shown the results of an impact on a double lap joint having constant 
mechanical properties (Saleh, 2014). In this study the variation of the mechanical properties 
as a function of temperature was taken into consideration. 

The variation of Young modulus as a function of temperature for a majority of polymers is a 
major parameter in studies involving thermo-mechanical loading as this modulus drops 
suddenly at a certain temperature called the material transition temperature (Mouritz, 2006), 
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(Hugh, 2004). For example, Young modulus of vinyl ester drops fast at around 100°C 
(Mouritz, 2006). This implies that above the transition temperature the whole structure 
experiences major fragility due to the mechanical deterioration of its constituents, especially 
those of polymeric nature such as vinyl-ester and epoxy. 

Young modulus variations as a function of temperature were acquired for vinyl-ester 
(Mouritz, 2006) and epoxy (Hugh, 2004) resins and were used to calculate the overall 
mechanical properties of glass/vinyl-ester composites and their variation with temperature, 
using the mixture laws for composites (Bertherlot, 1999), (Nettles, 1994). 

The whole solid was then modeled as 13 layers where each one was associated with its 
relevant material and temperature variations extracted from the fire thermal simulation. The 
layers were joint together using the tie constraints feature of ABAQUS. Fig. 7 shows the 
laying configuration. 

 
Fig. 7 - Numerical model formed by 13 tied layers 

 

The mechanical impact model consists of studying the mechanical response for the structure 
at specific times during exposure to fire. It was therefore necessary to calculate the material 
properties accordingly. Table. 1 presents the calculated mechanical properties of the first layer 
at different fire exposure times. Similar tables were also generated for the other layers. 

A C3D8 linear explicit mesh was then applied and refined in order to obtain optimal results. 
The main objective was then to simulate an SHPB impact test (Hopkinson, 1914). A metallic 
bar was added to the model on the opposite side of the impact in order to have reliable results 
of the test. The impact is applied on the central adherent in the x longitudinal direction. Fig. 8 
shows the specimen and the applied impact load as modeled in ABAQUS. The amplitude of 
the impact load is presented in Fig. 9 

Mechanical impact simulations were conducted for five different fire exposure times: t=0s, 
t=19s, t=29s, t =44s, and t=200s. 
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Table. 1 - Mechanical properties in MPa of layer 1 at several times of fire exposure. 

(With ve = vinyl-ester and vve = glass/vinyl-ester). 

Time (s) T1 (
o
C) Eve Evve Gve Gvve Etvve F=Gtvve 

0 0 4223 43150 1564 3272 8779 2727 

3 45 4158 43121 1540 3225 8654 2687 

5 59 4224 43151 1564 3273 8782 2727 

8 76 4348 43206 1610 3363 9022 2803 

12 94 2160 42222 800 1723 4636 1436 

19 113 222 41350 82 182 492 152 

29 133 84 41288 31 69 186 57 

44 152 66 41280 24 54 146 45 

67 171 49 41272 18 41 110 34 

101 187 35 41266 13 29 77 24 

152 200 23 41260 9 19 52 16 

200 206 17 41258 6 14 38 12 

 

 

 

 

Fig. 8 - The mechanical model in ABAQUS 
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Fig. 9 - Amplitude of the impact load 

 

RESULTS 

Transient mechanical simulations were performed for each of the selected times of exposure 
for an overall duration of 40 micro-seconds and the stress distribution field was then 
extracted. Fig.10 is a sample of this physical quantity at t=19s. 
It is obvious that the weakest points in the adherents are in the areas highly exposed to fire 
and adjacent to the adhesive. Fig. 11 is an enlarged presentation of that area. 
 
Shear stress values were then obtained from each of the simulations along an horizontal 
section through the upper adhesive layer that is close to the fire heat flux as shown in Fig. 12 
The extracted results are presented in Fig. 13. 
 
 

 
Fig. 10 - Von Mises stress distribution for simulation at t=19s 
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Fig. 11 - Weak point of the adherent 
 
 
 

 

 
Fig. 12 - Horizontal section for data extraction 
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Fig. 13 - Stress distribution along the adhesive joint exposed to fire 

 
It can be noticed that the stress intensifies at the borders as mentioned earlier. This was also 
observed in previous studies (Saleh, 2014). It is also obvious that the shear stress decreases 
dramatically after extended times of exposure to fire. This is surely due to the degradation of 
the mechanical properties of the epoxy adhesive as discussed in the previous section. 
This work shows the variation of the stresses in the assembly subjected to fire and impact, as 
a function of the fire exposure time. 

 

CONCLUSION 

The first and most important conclusion of this study is that fire exposure, i.e. high 
temperatures, has a massive influence on composite structures and could quickly weaken 
them. As for our specific assembly, subject to fire and impact loading, it was observed that 
the most vulnerable zone is the adhesive showing major deterioration especially at the 
borders. The overall stress distribution through the adhesive layer also decreases enormously 
for extended periods of exposure as the rigidity of the material drops with elevated 
temperatures. This study would surely be an opening to several thermo-mechanical structural 
analysis of composites making it easier to predict the overall resistance of composite 
structures under fire. 
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ABSTRACT 

Aim of the paper is the evaluation of the bearing capacity of Fiber Reinforced Concrete 
(FRC) sections, without any traditional steel reinforcement, subjected to different values of 
the fire duration. At this purpose, bending moment (M) - axial force (N) interaction envelopes 
are defined, through an analytical model based on the direct integration of the hot or residual 
mechanical properties of the material throughout the member cross section. Finally, a 
parametric survey, with different geometries and FRC materials allows highlighting the worst 
(or better) scenarios.  

Keywords: tunnel segments, fire damage, FRC segments; analytical models.  

 

INTRODUCTION 

The evaluation of behavior of Fiber Reinforced Concrete (FRC) sections under fire exposure 
is of paramount importance, particularly in road, railway and metro tunnels where the FRC 
solution (without any traditional reinforcement) is widely used. In order to evaluate the fire 
resistance of a FRC section, first of all the temperatures inside the element have to be 
evaluated, then the structural performance has to account for the degradation of the material 
properties (Compressive strength, Young’s Modulus, post peak residual tensile strength,..) 
due to increase of the temperature. Finally, possible onset of spalling phenomena with a 
reduction of the lining thickness should be accounted for. 

In the present paper analysis are made with reference to tunnel segments with different 
thicknesses and FRC material properties, subjected to fire on the intrados face only, (typical 
situation of fire in tunnels). The thermal analysis was performed by direct integration of the 
Fourier’s equation for the transmission of the heat in non-steady conditions. The thermal 
properties of the material are represented by three parameters: the thermal conductivity, the 
specific heat and the density. Reference was made to the standard fire ISO 834 (Eurocode 1, 
2004) that gives the temperature as function of the fire duration. ISO 834 fire scenario can be 
typically adopted in metro tunnels. 

For the fiber reinforced concrete typically used in precast tunnel segments, the thermal 
properties of the fiber reinforced concrete can be taken as the same of the ordinary concrete 
(for example in agreement with Eurocode 2). On the contrary, the decay law of the FRC 
tensile strength is not yet codified at European level. In the paper, the suggestion provided in 
Italian Guidelines (CNR DT200, 2006) will be adopted.  

Once known the temperature distribution in the tunnel thickness, the temperature-dependent 
constitutive laws of the materials are directly integrated, providing both M-N interaction 



Symposium-13: Fire and Structural Engineering 
 
 

-1626- 

envelopes and the relationship between the bending moment and the mean curvature, for any 
given value of the axial load. As a matter of fact, the cross section is considered as a 
‘composite’ cross section consisting of a number of layers (or ‘subsections’). Each subsection 
has a constant temperature at each step of the thermal analysis and is characterized by the 
constitutive relationship of the concrete at that temperature. 

 

RESULTS AND CONCLUSIONS 

A typical example of the obtained results is shown in Figure 1, where the bending moment 
(M) - Axial Force (N) is plotted. In particular the response of a 300 mm thick tunnel segment 
made with a C 40 FRC 4.0 c material with siliceous aggregate concrete, and subjected to fire 
ISO 834 fire scenario (typical of metro tunnel) for a fire duration of 120 minutes, is shown 
and compared to the one related to the ambient temperature.  

 
Fig. 1 - M-N Interaction Envelopes 

 

Finally, the paper suggests a simplified procedure for the evaluation of the structural 
performances of FRC tunnel segments under fire. The parametric survey allows providing 
design suggestion for the optimization of the material properties.  
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ABSTRACT 

This paper reports on the results from extensive finite element study of single storey industrial 
halls subjected to the action of localized fires. The results show offer structural resistance in 
fire situations that are much higher than would be expected from a prescriptive approach. It 
has been shown that actual resistance of these structural members in fire situations can exceed 
their primary resistance mechanism through flexural action only. Alternative load transfer 
mechanism through catenary action offers the added resistance at much higher temperatures 
than the conventional critical temperatures from prescriptive design. The paper also presents 
simplified calculation procedures that can be used to reasonably predict the structural 
resistance at elevated temperatures considering the catenary action. 

Keywords: localized fires, catenary action, fire design, fire resistence. 

 

INTRODUCTION 

The goals of structural design are fundamentally different when designing structures at 
normal temperature or when designing them in a fire situation. While structures are primarily 
designed for normal temperature situations considering the different design limit states, in the 
fire design situation, however, the already designed structure is assessed for its resistance in 
the fire design limit state. The assessment of the structure in the fire limit state may lead to 
either active or passive fire protection measures. The assessment of the structure in fire may 
be done in several different domains such as its structural resistance, integrity of structural 
components to prevent spread of fire and insulation properties of materials. The focus of the 
study presented here is on the structural resistance of single storey steel buildings in localized 
fire situations. 

The Eurocodes permit designers to use either a simple prescriptive design procedure or a 
more complex performance based procedure for design of structures in fire. The prescriptive 
design is a simple choice regarding design of steel structures in fire due to their use of simple 
analytical equations; but through several studies it has been established that this approach 
might be conservative and in some situations it might not reflect the complexity of interaction 
between the heated structural members and its surrounding colder parts of the structure. The 
performance based approach has therefore been increasingly adopted in structural fire design, 
which, although more complex than the prescriptive approach, is closer to the real structural 
behaviour. 
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FINITE ELEMENTS MODEL 

A three dimensional model of the single storey buildings as shown in figure 1 was created in 
the Finite element software ABAQUS. Steel structures in fire undergo excessive softening of 
the material at temperatures beyond 600°C; therefore dynamic solver ABAQUS/explicit is 
used, which solves for the dynamic equilibrium of the finite elements. To analyse essentially 
static problems such as the single storey building in fire using a dynamic solver like 
ABAQUS/explicit is to perform a quasi-static analysis. 

  
 

Fig. 1 - FE Model of the single storey industrial halls 

 

HAND CALCULATION MODEL 

A simplified hand calculation procedure is proposed based on the results obtained from the 
finite element analysis, summarized here in figure 2. The simplified calculation model 
presented here aims to calculate the actual resistance of the roof structure composed of steel 
beam and the roof sheeting together, when subjected to localized fire at midspan location. The 
additional resistance, as is proposed here, comes through the catenary action. 

 

Fig. 2 - Scheme of calculation of the resistance of the roof structure due to catenary action 
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ABSTRACT 

This work analyses data of load-bearing clay hollow-brick masonry samples exposed to high 
temperatures and thermal expansions restraints. The results discussed here were obtained 
using small scales tests, in which 90x80 cm masonry panels were subjected to vertical loads 
and horizontal restrictions. The strength of the joint mortar and the geometry of masonry unit 
were varied in order to change the relative rigidity of each element, to check if the increase in 
mortar joint strength would have significant effect in the masonry unit stress, opening up the 
possibility of cracking or spalling of the front partition of the units. It was investigated the 
transversal displacements of the non-exposed side of the walls. The preliminary test results 
show a tendency of reverse bowing in all tests samples. 

Keywords: high temperatures, load-bearing masonry walls, out-of plane displacements. 

 

INTRODUCTION 

The behaviour of structural masonry panels under load and fire conditions is still an open 
question that needs further knowledge. The characteristics of the masonry unit and the mortar 
joint are significantly affected by the action of high temperatures in a fire situation. 
Furthermore, additional internal forces can occur in the fire-affected component due to the 
significant restraint of the thermal expansions from cooler areas surrounding it (SUN et al., 
2011). Shieids et al. (1988) and Nguyen e Meftah (2012) have analyzed the paths of thermal 
deflection of masonry walls and observed that the peak of deflection, for a given situation, 
depends on their boundary conditions. That means that the edge restraint leads to different 
behavior of the element. Based on this facts, this work was carried out with the purpose of 
verify the influence of boundary restraint conditions on the behavior of small masonry walls 
under combination of axial compression loads and high temperature exposure. 

A total of six 90x80 cm masonry panels were tested, two samples for each configuration (“a” 
and “b”), employing three different units’ geometry. The first one (B1) was a clay block of 
dimension 29x19x14 cm (length x height x thickness), 7MPa strength. The second (B2) was 
10MPa strength and same dimension, and the last one (B3) was 19cm thick and also 7MPa 
strength. The strength of the mortar used in joints followed the units’ resistance, being 4MPa 
strength for the walls built with B1 and B3, and 6MPa strength for those with B2 blocks. The 
internal furnace heating rate was based on the standard time/temperature curve. The furnace 
reached during the tests up to 900°C, and this temperature was kept for 4 hours. The restraint 
and the axial load were applied by the use of hydraulic system. 
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RESULTS AND CONCLUSIONS 

The data gathered (Fig. 1) shows a tendency of rapid increase in displacements at the early 
stage of heating towards the exposed face, as would be expected. This behavior is followed by 
a short stabilization of the displacement evolution. Finally, a change in the buckling direction 
is observed, and the walls have their displacement shifted toward the non-exposed side. This 
phenomenon is called “Reverse Bowing”. The displacement registered at the center of the 
wall (R2) was always bigger than that at the bottom right corner (R3) and sometimes similar 
to the upper left corner displacements (R1), and, in general, bigger for the B3 walls. 

 

  

(A) (B) 

 
(C) 

 
Fig. 1 - Out-of plane displacements of walls samples built up with block B1 (A), B2 (B) 

and B3 (C). 
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ABSTRACT 

This work investigated the temperature effects on bond strength between steel reinforcement 
(rebar) and concrete.  Two different steel bars with epoxy coating and without coating were 
experimentally studied under different high temperature conditions (heating rates and target 
temperatures).  The results showed that at 200 ºC, epoxy coated rebars have higher bond 
strength than that of uncoated bars; however, with the temperature higher than 200 ºC, the 
reduction of bond strength of epoxy coated rebars is higher than that of uncoated rebars.       

Keywords: high temperature, steel bar, concrete, bond strength. 

 

INTRODUCTION 

The bond behavior between concrete and steel reinforcement has been considered as an 
important characteristic in reinforcement concrete (RC) structures.  The effect of high 
temperature on the bond is critical to evaluate the performance of RC structures under fire 
condition.  Several studies have been conducted to investigate the high temperature effect on 
bond behaviors.  Diederichs and Schneider (1981) performed a pull-out test to investigate the 
variation of the bond strength on the three different types of reinforcing steel (ribbed steel 
bars, plan round bars and deformed prestressing bars) under the heated and the cooled 
condition in the temperature range 20 to 800 °C. From the study, it was found that the bond 
strength is affected not only upon the temperature level, but also upon the test procedure and 
the shape of the bar.   

In previous researches, the test configurations did not model accurately the heating effect 
under real condition.  Also, the effect of elevated temperatures on epoxy coated rebar has not 
been studied. This is important because epoxy coated rebars behave much differently from 
uncoated rebar does in terms of bond (Elleithy, 1998).  In this study, a new specimen 
configuration was developed and used; the bond behaviors between concrete and steel 
reinforcements were studied using two different bars: epoxy-coated and uncoated bars, and 
various experimental parameters such as different heating rates (2°C/min and 15°C/min) and 
target temperatures (200°C, 400°C, 600°C, and 800°C). 

 

RESULTS AND CONCLUSIONS 

Steel bars were embedded in concrete cylinders.  A new specimen configuration was 
developed in which two concrete caps were used to cover the steel bars so the temperature can 
rise simultaneously and uniformly in steel and concrete (see Fig. 1).  The steel-concrete 
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specimens were heated to target temperatures first and then cooled down to room temperature.  
Then, pull-out test was conducted to obtain the bond strength, which is the ultimate pulling 
force divided by the surface area of rebar embedded in concrete.  The effect of the target 
temperatures are shown in Fig. 2.  The results of both uncoated test series and coated test 
series show the ultimate bond strength decreases as the exposed temperature increases. 
However, the bond strengths of the specimens exposed to 200 oC are higher than the reference 
specimens. Particularly, the bond strengths of the coated specimens exposed to 200 oC are 
significantly increased. The increase is likely to be explained with improvement of the bond 
effect due to the melted epoxy between concrete and rebar at 200 oC. At higher temperatures 
than 200 oC, the bond strength is decreased with the burning of the epoxy and increasing of 
thermal mismatch between concrete and rebar. 
 

           

     Fig. 1 - Specimen configuration                                Fig. 2 - Effects of temperatures on bond strength  
 

In Fig. 2, UR2 is for uncoated rebar under heating rate of 2°C/min; and CR2 is for coated 
rebar under heating rate of 2°C/min.  Apparently, the coating resulted in a higher increase of 
the bond under the low temperature range and a higher reduction of bond under the higher 
temperature range.  At 800°C, the bond strength reduces to zero.  For the effect of heating 
rate, our test data showed that higher heating rate resulted in higher reduction of the bond. 
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ABSTRACT 

This paper is focused on flammability of soft wooden fibreboards, which are used as thermal 
insulation of buildings. We test influence of fire retardant to reaction on fire of selected 
thermal insulation materials on natural basis - wooden fibreboard with fire-retardant. Fire 
retarder we applied to sample various techniques - spraying, coating and dipping. We divide 
the paper in five chapter:  First is focused on classification of building materials to reaction on 
fire classes, wooden fibreboards and their protection by flame retardants. In the second 
chapter is defined objective of this paper. The third chapter includes methodology of the 
work, description of testing samples, testing device and process of experiment. In the fourth 
chapter are shown measured values from two experiments. The fifth chapter is devoted to 
evaluation of the values from experiment and discussion of the issue. The result of this paper 
is completion of information about flammability of thermal insulation materials and 
recommendation of the most suitable way of protection of the wooden fibreboards surface by 
flame retardant. 

Keywords: wooden fibreboard, flame retardant, reaction to flame class, insulation material. 

 

INTRODUCTION 

Fiberboard abbreviated DVD is a large material made from wood fibers from coniferous trees, 
mostly spruce, or other lignocellulosic materials. This composition, however, has resulted in 
inclusion in reaction to fire class "E" i.e. to a group of products capable of withstanding small 
flame for a short period of time without a significant extension of the flame.  

The first product resembling a hard fibre board was established in England in 1898, but it was 
hard pressed a paper. The first board of wood fibres produced in 1925. In our region, the first 
fibre board started production after the end of World War II under the brand Hobra 
(ÖSTMAN, B. A.-L., et al 2002). 

Fibreboard, according to the density divided into [11] 

- Isolated: density 250 - 400 kg.m-3. 

- Semi-hard: density 480 - 850 kg.m-3. 

- Hard: density 850 - 1100 kg.m-3. 

- Particularly hard (hardened at high temperature): density 1100 - 1300 kg.m-3. 
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Fibre boards are produced in two different ways - wet and dry. At the beginning of both 
procedures are wood chips, which are free of dirt and cut up. (FEIST, 2016) Wet production 
is energy intensive and more obsolete. Wood fibres are soaked in water, to this mixture, a 
hydrophobic chemical, and a binder. The mixture is spread on the screen where there is a 
drainage, drying and possible sheet provided. In the production of dry fibre is cut dried, mixed 
with the adhesive, most often formaldehyde resins and other additives. Of these fibres, the 
layered carpet, which is then pressed (Mitterová, Zachar, 2013). Soft fibreboard used for 
thermal and acoustic insulation is usually made wet. The addition of the adhesive as well as 
hydrophobic additives, usually paraffin. Pressing takes place under high pressure, resulting in 
lower strength of the hard or half-hard against the plates. Therefore, it cannot be used as the 
sole structural material. On the other hand, the advantage that the wood is allowed against the 
anisotropic nature in different directions and does not have different properties, good sound 
and thermal insulation properties, biological harmless and easy to process. The resulting 
thermal insulation boards are commonly produced in a thickness of 6-200 mm. 

       

FLAME RETARDANTS 

Flame retardants are chemical compounds whose chemical, physical, or combined way, 
protecting the material from rapid ignition and subsequent burning. Their main task is to 
influence those events that result in the cessation of burning. It is therefore a reduction in the 
rate of heat generation, and increasing the speed of its removal from the reaction zone of 
combustion. Flame retardants cannot change the intensity of the heat flow, but may alter 
process of fuel and its flammability. This task flame retardants implemented in the early 
stages of a fire, their opportunities in later stages of fire is limited as the protected material 
causing too high heat fluxes. (Gašpercová, 2015) 

 

FIBRE BOARD 

For the experiment were used soft fibre board (Fig. 1) for the thermal insulation of external 
walls of buildings, attics, ceilings, roofs and floors. The material is made of thin and soft 
wood fibres. Their consistency ensures added glue. Pressing of the boards was carried out 
under high vacuum, and wet. Compared to semi-hard and hard board, this material has a 
lower strength and cannot be used as the sole structural material. The test samples consisted 
of two glued together wood fibre board with a thickness of 20 mm. 

    

Fig. 1 - Fibre board (sample size of 250 x 90 x 40 mm) 
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For testing individual samples, we used test equipment consisting of a burner, discharging the 
products of combustion and positional sample holder to ensure their stable position. The 
source of ignition is a small gas burner. As we used the gas propane - butane. Flame size for 
all samples was constant - 25 mm. 

The test samples were exposed to the burner flame as defined by the test sample is treated at 
45 °. The burner was placed so as to ensure that the flame of 25 mm is applied to the surface 
of 40 mm from the bottom edge of the sample. Time during the test, we measured the timing 
device with an accuracy of 0, 1 s. Loss of weight we recorded on a digital instrument with an 
accuracy of 0.01 g. The experiment was designed constant sample size of 250 x 90 x 40 mm. 
For eachtype of flame retardant applications we have available samples of 5 pieces. 

 

EXPERIMENT 

We tested fibreboard, on which we applied a flame retardant. We used Firestop flame 
retardant (flame retardant based on inorganic salts). Retarder we applied to sample various 
techniques - spraying, coating and dipping (200ml for each sample and by each technique). 
For each application, we used the 5 pieces of samples. Marking of the samples was follows: 
B1-5 non - treatment, S1-5 spraying, N1-5 coating, M1-5 dipping (for second test we tested 
only samples for dipping M 6 - 20). 

After application of the barrier, we re-sample weighed and recorded weight gain after 
treatment. This procedure we applied to all technological (dipping, spraying, and painting). 
The samples were allowed to dry for seven days, after which the weight measured again. 
Then we have ticked each sample line 40 mm distant from the bottom and top edges. It 
marked the maximum upper limit of flame attack. Before the testing, we again recorded a 
total weight of the dried samples. The samples were subsequently fastened to the test device, 
and then exposed to a defined open flame burner for 30 seconds. 

During the measurement it was observed behaviour of the samples, creating smoke upper 
limit flame attack and the time after which the flame exceeds the top line. Finally, the weight 
was measured of each sample, on the basis of which we determine the weight loss. Evaluation 
criterion was a weight loss of test pieces, which were calculated according to equation (1): 

�� =	m4-m5
m4

. 100  (%)                 (1) 

Since neither of the application of the retarder did not produce significantly improved results 
compared to the untreated sample measurement, we decided on a supplementary measure. 
From previous tests we found that the best application among withstood dipping. Therefore 
we wanted to determine whether the length of time soaking in the material flame retardants 
will also affect its reaction to fire. Followed by dipping the fiber board fire retardants for 6, 9, 
and 12 minutes, we monitored the particular amount of retarder, which could absorbing 
material. (Fig.2) (Marienka, 2016) 
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Fig. 2 - Fiber board after dipping (6, 9, 12, min.) 

 

RESULTS  

The main evaluation criterion was the weight loss test samples retardant material and the 
possible formation of smoke and burning particles. Based on the measured values, we found 
that the surface protection fibreboard retardant fibre boards can move in the classification of 
the reaction to fire class E in reaction to fire class D. Another criterion was to determine the 
most appropriate technological process applications retarder (dipping, painting, spraying). 
From the measured results, we can conclude that the best technique for the application of 
flame retardant fibreboard is soaking for a minimum of nine minutes. With the resulting data 
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were subsequently proposed a number of recommendations for practice, whether that further 
testing with different types of flame retardants such as new flame retardants based on 
nanotechnology, but mainly on the natural basis in order to maintain unity in the use of 
natural materials. (Fig.3) 

 

 

 

                   

 

 

 

 

 

 

Fig. 3 - Various technique of retardant application (dipping) 

Based on our measurements, we came to the following conclusions: 

Among all species tested flame retardant applications (painting, spraying and dipping) in tests 
withstood only dipping. Spray coating and the test failed to pass, as the flame disrupted the 
protective layer formed by flame retardants and thanks to decay inside the fiber board was a 
complete degradation of the material. These results were observed at all tested samples 
mentioned flame retardant applications. Smoldering samples was quite difficult to extinguish 
because until completely soaking the board with the help of large amounts of water are 
smoldering constantly renew. The samples were not successful or dipped in flame retardants 
for three minutes (Fig. 4). The only exception was the sample marked M2, which alone 
withstand the effect of flame. (Marienka, 2016) 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 4 - Various technique of retardant application  
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Based on the improved results we proceeded to additional measures in order to determine 
whether prolonged soaking time affects the resistance of material to fire. 

In the second experiment, we tested the samples soaked for 6, 9 and 12 minutes. With a length 
of steeping time increasing significantly the amount of flame retardant absorbed. In 6-minute 
soaking the sample sucked into each other, on average, 18.31 g of the flame retardant at a 9 
minute soaking 31.82 gr of 12 minutes, and the soaking solution to 36.63 g. Of the five 
specimens measure 6 minute test dipping been only two (M7 and M8). Their weight loss was 
minimal, accounted for only 0.06 and 0.09% of the total weight of the sample. This loss of 
weight is only scorched surface of fiber board, because the samples were not damaged in deep 
or at the point of greatest flame attack. Other samples were not successful in. 

Brought about the desired results and the testing of samples dipped in Ohnostop for 9 
minutes. Of the samples tested meet all testing. This result was achieved thanks to the amount 
of absorbed flame retardants. From these samples into each absorb at least flame retardant 
sample labeled M14, which in themselves sucked 27.43 g of the solution. This represented 
16.02% of the total weight of the sample just after the soaking. The amount of the flame 
retardant created on the surface of the material layer of such a salt thereof, through which the 
flame did not penetrate inside the board. Weight loss ranged from 0.03 to 0.15%. The average 
weight loss was equal to 0.10%. 

A longer duration of action caused the sample absorbed from 34.22 to 42.68 g of the solution. 
The only exception was the sample M17, which because of its composition to each other take 
only 26.03 g of flame retardants. This consisted of 15.47% by weight of the sample 
immediately after application. This sample did not withstand the test, the weight loss was 
100%. Other sample to a flame withstood a weight loss of 0.10 to 0.16%. The average test 
samples had lost 0.12% of its original mass. The relationship between the absorbed amount of 
the flame retardant, and the% weight loss for the sample, which is a test meet the following 
graph (Fig. 5). 

 

 

 

Fig. 5 - Graph of the amount of absorbed retarder percentage and weight loss at the 12 minute soaking. 
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From the results of measurement so we can conclude that the most appropriate method of 
applying the flame retardant is dipping. In our case, it was necessary for reliable results in 
samples Firestop soak for at least 9 minutes. In order for the test samples had to stand up 
reliably to each other to soak at least 16, 02% of the samples immediately after application of 
the flame retardant. Another observation was that knowledge that fiberboard flame not burn 
on the surface, but thanks to decay thermal degradation continued weaning away from the 
flame. In attempting to extinguish the test pieces have been unsuccessful several times, as, 
despite the fact that we have an extinguishing agent (water) applied firmly, smoldering be 
within the material tends to restore. In one test sample even smoldering material passed 
through the interior of the entire length and the other end brought back to the surface of the 
board. The samples we managed to extinguish them when we have a few seconds the whole 
immersed in water. As a result, the water came into the inner layers of the board, which is 
interrupted by smoldering. This creates a complication for intervention component of the IRS. 
When real fire, there is a risk of recurrence of fire spread or his hidden paths. The problem 
may also be a need for large amounts of water to extinguish the fire and subsequent damage it 
caused. A solution would be to add the flame retardant additives, as is already in the 
production process, which would have protected the individual fibers, and thus the inside of 
the board, not just the surface. The question is whether such a change would not affect the 
other properties of the material, such as mechanical strength, and vapor permeability. 

Another problem is the amount of smoke in the rotting material originated. This creates 
additional difficulties for rescue services in the form of having to use protective equipment. In 
practice, there are flame retardant at different chemical bases, some of the compounds used 
therein are toxic to man. In case of fire, the release of these compounds fumes threatening 
interfering components. Since at first sight the incident commander cannot know whether in 
the construction of such substances are present, the solution could be to add such data in a 
database, which would hit during operating officer provided or physical identification such as 
labels directly on the site. 

With the resulting data were subsequently proposed a number of recommendations for 
practice, whether that further testing with different types of flame retardants such as new 
flame retardants based on nanotechnology, but mainly on the natural basis in order to 
maintain unity in the use of natural materials.  
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ABSTRACT 

Poland, in comparison with other UE countries, in terms of wood industry production is the 
leader, especially when production of wood-based panels is considered. For instance, 6.8 
million m3 of wood-based panels were produced in 2010 which made 12% share in UE 
market, so that Poland has been second largest manufacturer in Europe after Germany. 
Modern and efficient lines of Polish plants and highly educated staff result in competitiveness 
and high quality of products as well as in high export rate. The main factor determining high 
position on the European market is constant stream of raw materials. Since 2006 wood-based 
panel industry have been facing shortage of wood reaching 5 million m3 and that value slowly 
increases. The main suppliers of wood are State Forests (pl. Lasy Państwowe) (ca. 60%) as 
well as sawmill plants and plywood manufacturers supplying waste wood (ca. 40%). Those 
resources are entirely consumed and no additional amounts of raw materials are available. 
Taking into account the policy of State Forests, searching for other underutilized resources of 
wood is necessary. Moreover, having in mind that chips, particles and fibers for panels are 
produced from 40-year-old trees, while average wood-based panel furniture life-time is 20 
years in Poland (in UE ca. 5 years), it is obvious that shortage in raw materials are very likely 
to occur, unless new feedstocks are revealed. Therefore, an intense research on the fast-
growing species is observed and plantations are considered new sources of raw material. 

 Keywords: wood panels, furniture, fiber board, fire resistance. 

 

MATERIALS AND METHODS 

The research material used in this study was prepared at the Faculty of Wood Technology at 
Warsaw University of Life Sciences. Panels were made of larch wood harvested from selected 
plantations of fast-growing State Forests and wood shavings and industrial fibers (pine). 
Larch fibers were obtained from laboratory defibrator at Research & Development Centre for 
Wood-Based Panels in Czarna Woda, and industrial fibers came from one of the domestic 
manufacturers of MDF panels. The fibers were glued down with industrial urea-formaldehyde 
resin used in the production of MDF. They were added to the resin industry hardener. 

For experimental testing was prepared twelve samples, of which three samples of wood-based 
panels of various kinds of wood shavings and wood fibers with dimensions of 100x100 mm 
and a standard thickness of 18 mm. The thickness of panels was not the same due to 
stratification of some panels during their production. This was the result of very high 
humidity of fibers or wood shavings. During the compression of such panels at the 
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temperature of 180°C to 190°C water turns to steam, which leads to occurring of huge amount 
of water vapour and it is not able to evaporate completely before the compression of panels. 
In the final stage of production, when such panel in taken out of the press, cumulative water 
vapour must evaporate which, in turn, leads to blow out of panel, which causes delamination 
of the panel. To evaluate the fire properties characteristics of the woods quantitatively, a cone 
calorimeter testing ISO 5660 was done. The testing involves a constant radiant heat being 
irradiated onto the surface of the sample, and then the sample would ignite a spark igniter. 
First, each specimen of dimensions 100 x 100 x 10 mm is wrapped in aluminum foil and 
exposed horizontally to an external heat flux of 30 kW/m2. Several parameters are examined 
from a cone calorimeter test, such as average and peak heat release rate (av HRR and pk 
HRR, kW/m2), total heat release (THR, MJ/m2), effective heat of combustion (EHC, MJ/kg), 
total smoke production ( TSP, m2 ), yield CO and CO2 (YCO, YCO2, kg/kg), specific extinction 
area (SEA, m2/kg). 

 

CONCLUSIONS 

1. Ignition time when exposed to the heat flux of 30 kW/m2, for wood-based panels from raw 
material plantation, was longer than the panels produced from industrial raw material. Against 
the background of the other panels, having in mind fire safety, the worst results give the 
chipboard obtained from the industrial wood shavings. The average of required time from the 
moment of heating the surface of the panel to the start of the flame combustion of formed 
volatile phase was the lowest. 

2. The average value of maximum heat release rate (HRRmax.) is the largest for fiberboard 
produced from industry raw material, where the value was 197,67 kW/m2, while fibreboard 
obtained from the plantation raw material HRRmax average value was 162.75 kW / m2 ( it 
was the lowest value compared to all the tested panels). The smallest value HRRmax was 
recorded for fibreboard obtained from the plantation raw material and it was 123.91 kW/m2. 

3. Decisively against all samples the worst result obtained fibreboard of industrial raw 
material. It gained the highest rate of heat release (HRR) of the total heat rate (THR), the total 
amount of smoke produced (TSP), the effective heat of combustion (EHC) and the intensity 
of the smoke release (TSR). It means that using these panels in the market of wood-based 
panels is generally unfavorable from the point of fire safety. 

4. The study found that panels made of larch rapidly growing fared best compared to other 
wood-based panels, ie. industrial raw material used for mass production of wood-based 
panels. Panels of larch rapidly growing (tested chipboards and fibreboards) have lower value 
of heat release rate (HRR), total heat rate (THR), the total amount of smoke produced (TSP 
the effective heat of combustion (EHC) and the intensity of the smoke release (TSR ) 
compared to the industrial panels. This is very important for the safety of users in the process 
of development and generation of environmental fire. 

5. In analyzing the parameters characterizing the dynamics of the generation of smoke: SEA 
(Specific Extinction Area) and TSP (the total amount of smoke produced) can be stated that 
the lowest risk in fire conditions would create fiberboard of larch plantation. Moreover, 
during all tests it was noticed that the release of smoke through the panel in the middle stage 
of combustion is maintained at a uniformly low level, which can significantly impact the safer 
evacuation of the space covered by smoke. In this situation, every minute is precious, and 
therefore in the case the intensity of the smoke production is so important. 
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ABSTRACT 

Recent trends show a marked inclination towards a common vision of the various dimensions 

of quality in the agro-food sector. The model proposed integrates some or all of these aspects, 

highlighting similarities and synergies where possible to avoid unnecessary duplication and 

fragmentation. In this context, the paper analyses the management tools and standards for 

quality adopted by A. Petty S.p.A. in order to explore the opportunities and the main elements of 

criticality that derive from a strategic drive towards Integration of Management Systems (IMS) to 

improve business performance. 

Keywords: integration, management, quality. 

 

INTRODUCTION 

The growing importance of the issues relating to quality management and aspects linked to 

the application of relevant tools is due to the evolution of the recent socio-economic scenario. 

It appears in fact obvious, that it is no longer possible for businesses to survive in highly 

competitive environments without following, or better, managing a structured path of quality, 

through programs oriented to Quality and to Environmental and Social Quality Management. 

The voluntary adoption of Management Systems - Quality ISO 9001:2015, Environment ISO 

14001:2015, Health and Safety OHSAS 18001:2007, Food Safety ISO 22000:2005, as well as 

the Standard British Retail Consortium (BRC) and International Food Standard (IFS) - 

represents, especially for organizations operating in the agro-food sector, an strategic value 

option. The respective characteristics of such systems enable synergistic integration in order 

to address business issues, environmental performance and security management from a 

holistic perspective.  

Integration between management systems however is no mandatory requirement for an 

organization in the event it decides to adopt two or more systems of management but is rather, 

an opportunity to promote synergies for more efficient management systems, use of resources, 

more streamlined bureaucracy and paperwork and the experience acquired. However, many 

challenges have to be faced to obtain such benefits and to avoid the failures related to the 

integration process. 

At present, various models for the integration of standardized MSs have been developed both 

at theoretical, geographical, and empirical levels. The multitude of theoretical approaches 

found in the literature on the integration of MSs, lead to the conclusion that there is no “one 

size fits all” methodology on which to build an integrated structure (Karapetrovic 2003, 

Beckmerhagen et al. 2003; Pojasek 2006; Jørgensen et al. 2006). Every integration process 
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depends on the specific characteristics of the organizations involved, particularly in reference 

to dimension, number of pre-existent MSs, and sector features. 

The implementation of IMS in A. Petti S.p.A., for example, fosters a holistic view of the 

continuous improvement of quality in the agro-food sector for maximizing effectiveness and 

efficiency in both internal and external organizational performance to facilitate the spread and 

potential growth of competitiveness and sustainability in the sector. 

Therefore, the paper structured in four parts starts with a synthesis of aspects related to the 

systemic approach to the different dimensions of quality in the agri-food Italian sector. 

Subsequently it is presented with a reality which is representative of the agri-food system 

Italian - A. Petti S.p.A. - that has distinguished itself for having made an Integrated 

Management System and is carried out an analysis of the evolution of such a system, in the 

light of the recent revisions of the standard ISO 9001:2015 and ISO 14001:2015. This in order 

to examine the contribution that the Integrated Management System can make to building the 

sustainability of the organization in its three dimensions: economic, environmental and social.  

In the final section outlines the main considerations highlighting the main opportunities that 

can result from a strategic orientation towards integration of management systems in terms of 

improving business performance. 

 

THE SYSTEMIC APPROACH TO QUALITY IN THE AGRI-FOOD 

SECTOR IN ITALY 

The agri-food sector Italian is a reality of great importance both for the numerous and 

diversified sectors and branches of activity of which it consists
1
, both for the peculiarities that 

distinguish the relative output. These range from products coming from the agricultural world 

having different qualitative characteristics, possibly certified, to products obtained from 

industrial changes more or less complex, characterised by diverse added value. 

The sector is characterized by the predominant presence of small and micro-enterprises, many 

of which are family run. This peculiar feature generates a competitive gap in respect of large 

international companies, but favors, on the other hand, greater organizational flexibility and a 

strong propensity to product and process innovation, which places the Italian companies in 

market segments (also ester) characterized by consumers of mid-high likely to purchase food 

quality. 

Organizations operating in the agri-food sector italian, in fact, by the time they attribute to the 

quality a decisive role for the purposes of its strategic orientation for the acquisition, retention 

and the progressive improvement of the competitive advantage. 

                                                 
1
 A reality articulated that covers a segment of consumption which is worth 220 billion Euros: for 67 % in 

domestic consumption and for the remaining 33% in consumption "outside home": bar, restaurants, canteens and 

catering. Most enterprises - about three quarters - is engaged in the agricultural production, 2.6% is involved in 

the processing, 3.3% in the commercial intermediation, 8.5% in the distribution and the 1,4% in food & 

beverage. These joins then an important induced undertakings outside the die that it offer essential services like 

transport, packaging, logistics, energy, technical means and equipment for agriculture and the food industry, 

communication services and promotion (Accredia 2005). 
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The systemic approach to quality in this sector is of particular importance because it 

represents the point of convergence between the expectations of consumers increasingly 

attentive and looking for original products, typical, eco-compatible, ethical and decision-

making processes of the producers that in order to ensure consumers the suitability of the 

products and of the agri-food processes a certain standard. 

In recent years, in fact, the concept of the quality of food products, understood as the capacity 

to meet specific needs of consumers, it is expanded and among the fundamental elements on 

which it is based, in addition to the organoleptic and nutritional characteristics, use 

(preservability, ease of use, packaging, etc), culture (tradition, geographical origin, typicality, 

etc.) have also been considered environmental factors and ethical-social (environmental 

protection, security of workers, fair trade, etc.). 

The first reference to quality aspects is the national and Community legislation which protects 

the hygiene of food products and gives a guarantee under the nutritional aspect. The second 

reference is voluntary certification based instead on free choices of "quality" operated by the 

production companies, based on the characteristics that distinguish the agro-industrial 

products and representing "value" further to the consumer. 

The certification of voluntary compliance is based, therefore, on impressive requirements and 

differentiating a product, often identified thanks to the work of research and diffusion of new 

expectations of quality expressed by the market, with respect to which becomes more and 

more the nodal orientation of enterprises. 

The peculiarities of the sector, however, mean that there are different levels of certification of 

conformity of the qualitative characteristics of agricultural and food products with different 

degrees of implication of the accreditation. 

In addition to the voluntary certification of management systems, in line with the standards 

ISO 9000, ISO 14000, SA 8000, OHSAS 18000 and common to all the sectors, the agri-food 

sector is characterized by wide affirmation of further types of certification (product, die, 

process, system). 

They range for example from Community trademarks of typicality, i.e. the Protected 

Designation of Origin (PDO), Protected Geographical Indication (PGI) and Traditional 

Specialty Guaranteed (TSG), to the organic production method, all governed by Community 

Regulations  (Proto et al. 2010). 

Also the large-scale retail trade, in view of the increasingly significant role which it plays in 

the agri-food sector, has introduced new standards to which the agricultural holdings and the 

processing can adhere, undergoing rigorous checks and verifications of compliance. 

Among the numerous standard, there is the GlobalGap (formerly EurepGap), founded in 1997 

by an initiative of the Euro Retailers produces Working Group (EUREP), the association of 

the major European distributors, which promotes the use of good agricultural practices (Good 

Farming Practices - GAP) in primary production
2
. 

                                                 
2
 The requirements included in this standard, exclusively directed to the agricultural sector, are referred to the 

various phases that characterize the work undertaken by the (selection and crop rotation, use of fertilizers and 

pesticides, irrigation systems, systems for the collection, handling and preservation of the product, safety of the 

operators, etc.). 
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Other important standards drawn up to facilitate the selection of suppliers by the large-scale 

retail trade are the BRC - British Retail Consortium and the IFS - International Food 

Standard
3
. 

In recent years, the ISO has published a standard, for voluntary adoption, aims to harmonize 

the different standards for the development and management of safety and food traceability: 

the standard 22000:2005 Food Safety Management Systems - Requirements for organizations 

throughout the food chain
4
. 

The voluntary instruments for the dissemination of quality in the agro-food sector italian are 

already largely consolidated, with the exception of ethical tools that require a different 

sensitivity of the companies (Table 1). 

The implementation of the management systems and the relative "certification" (quality, 

environmental and ethical), constitute, in particular, occasions for the improvement not only 

of the effectiveness and efficiency of internal processes, but also of relations with the socio-

economic context in which the organizations operate. 

However, it is necessary to highlight that the systemic approach to quality in the agri-food 

sector Italian has highlighted the evolutionary dynamics different - spatially and temporally - 

by type of production chain, with considerable differences between agricultural and industrial 

sectors and logistic. The agricultural sector has encountered many difficulties in expressing its 

own operational interpretation of the philosophy of quality, difficulty in part attributable to 

the known factors of inefficiency that characterizes the structure of this sector in Italy, among 

which should certainly be counted the uneven growth, fragmentation, the reduced dimensions, 

the spatial dispersion, as well as the rigidity of productive factors and the lack of vocational 

training. 

It should also be noted that most of the companies of the Italian agri-foods sector continues to 

slight the advantages offered by the ISO standard 22000 preferring especially use the BRC 

and IFS schemes whose recognition is essentially limited to the countries of origin. 

A major challenge for companies in the Italian agri-food sector is to promote mutually 

reinforcing development of different forms of certification (product, process / supply chain 

system) related and complementary. This is achieved through proper management of 

resources, a synergistic implementation of the output, a correct analysis of the results 

achieved in each of the matters under consideration. 

 

 

                                                 
3
 The first was drawn up by the BRC, the organization that represents the main operators in the large-scale 

distribution in Great Britain, while the IFS, was developed jointly by organizations that represent the great 

German distribution and French. They are both directed to processing factories and are aimed at ensuring, with 

reasonable certainty, constancy and uniformity of the quality requirements of the products. 

4
 This standard, contemplating the mandatory application of the HACCP system, it integrates the methodology 

by providing the identification and control of all the dangers inherent in the exercise of the activities of the 

organization and relating the healthiness and safety of the food, up to the moment of its consumption. 
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Table 1 - Certification of Management Systems registered in Italy in the agri-food sector 
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310 60 1 1 

26 
307 93 43 37 

818 

Food sector 3360 735 52 59 3.538 838 503 230 

Source: Processing of data Accredia 2015 e Social Accountability Accreditation Services 2015 

 

THE IMPLEMENTATION OF INTEGRATED MANAGEMENT SYSTEMS 

IN A. PETTI S.P.A. 

In the sectorial system Italian food, consisting for the most part by SMES, the company 

"Antonio Petti SpA" constitutes a reality representing the sector of vegetable tinned Italian 

and, in particular, campano. The A.  Petti P.p.A. S.p.A., located in Nocera Superiore (SA) 

operates from 1925 in the district of “Agro- Nocerino Sarnese"
5
 and is a well known company 

producing processed tomatoes.  

In recent decades, the pressures emerging from the competitive arena in which the company 

A. Petti S.p.A. operates, have led management to redefine their approach, strategies, and 

organizational planning in order to achieve better economic, environmental and ethical 

performance (Salomone at al. 2013). 

In particular, the A. Petti S.p.A. has strengthened the ability of planning and control of 

business activity in order to contemplate, in managerial practices, aspects related not only to 

the safety and healthiness of the product offered but also to safeguard the environment and 

health and safety at work as well as the dimension ethical-social. This through a systemic 

approach to the "quality" of performance, analyzed in its many dimensions. 

In this perspective, the A. Petti S.p.A. has therefore felt the need to go beyond the "Total 

Quality" assured by the ISO 9000 standards series, and has also implemented other 

Management Systems (environmental and ethics) and Product Certifications (e.g. BRC and 

                                                 
5
 The district of Agro Nocerino Sarnese" has a specialization in the agri-food sector and reveals a significant 

interaction between the different phases of the system agribusiness, i.e. production and distribution of 

equipment, machinery and technical means, tasks properly agricultural and those relating to processing, storage 

and marketing of products. 

The nodal industry is that of vegetable preserves, in which they operate a plurality of small and medium-sized 

enterprises devoted principally to the processing tomatoes, representing about 65% of enterprises Italian canning. 

The sector of vegetable preserves italian and campano, however, in addition to representing an economic reality 

of absolute importance in the context of the agri-food sector national, in terms of number of enterprises, 

turnover, flows for export, etc., constitutes a driving element for the dissemination of quality products and for the 

affirmation of the Made in Italy. 
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IFS) that has improved the effectiveness and efficiency of process outputs and the 

relationships with the socioeconomic context in which the company operates (Figura 1). 

 

 

 

Fig. 1 - The pathway toward the implementation of the Integrated Management Systems (IMS) in 

A.Petti S.p.A. 

 

 

 

The adoption of such systems has, however, resulted in a substantial production of documents 

and data and has required significant resources, especially professional, dedicated to the 

collection, testing,  archiving, analysis and review of this documentation. 

The A. Petti S.p.A., thanks to the high level of cultural maturation has, therefore, decided in 

2012 to undertake a path of strategic integration, organizational and management of different 

systems, taking advantage of, where possible, similarities and synergies within the 

international and European standards reference  avoiding fragmentation and duplication. 

The management systems, in fact, presented in addition to a strong affinity terminology, a 

same load-bearing structure, they provided a similar reference documentation, but above 

showed significant similarities methodological approach, and, therefore, had a not only formal 

complementarity, but also substantial. 

As regards the methodology used, it is, in all standards, always oriented to the PDCA cycle; 

Therefore, whatever it is the organization management structure there are identifiable 

integration elements such as the definition of its own political and strategic objectives, on 

which are both organized resources, defined responsibilities, documentation and processes 

and planned the activities of analysis and evaluation of the business management efficiency, 

intervention measures and, finally, monitored and evaluated the objectives achievement with 

a view to continuous improvement. 

Particular attention is paid by all the operational tools to the management review - as an 

important instrument proficiency testing, adequacy and effectiveness of the System or of the 

implemented Systems in order to identify opportunities for improvement - in terms of both 

internal and external communication, essential to promote the information dissemination  and 

sharing, at all the levels, its values and its  operation modes and in reference to internal audit - 

in order to verify the correct application and effectiveness in achieving the desired 

requirements - as well as preventive actions, training, human resources involvement  to the 
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financial, technological and structural optimization necessary to implement, maintain, 

continually improve the adopted Systems. 

A driving force in an Integrated Management System implementation in the company A. Petti 

S.p.A. has been generated from the Management which has expressed its commitment and has 

assumed the responsibility for IMS implementation, through a variety of actions, such as 

communication, goal setting, business planning, Management review, the insurance  of the 

required resources availability  to implement, maintain and improve the IMS and the 

definition of roles and responsibilities. 

However, the crucial first step from which A. Petti S.p.A needs to begin to implement an 

integration process  is the all company activities analysis and the potential benefits and 

obstacles that may arise. 

Subsequently, this integration was carried out through the definition of a working team 

specially dedicated and a methodological criteria as well as through a broad involvement of 

human resources. Then it was carried out a preliminary a critical analysis of the existing 

documents. 

In particular, by the critical analysis of existing documentation in the company and business 

processes is highlighted the need for a significant rationalisation and optimisation of 

documentation present. 

Once evaluated the convenience to implement an IMS was important to provide a "unique" 

documentation, not only appropriate to the organization activities and size, but which also that 

it takes into consideration relationships, similarities and differences of the various Systems to 

adopt. Such documents includes Manual, procedures, operating instructions, documents and 

the registration forms. 

In particular, the Manual drafting, which describes the organization IMS, while requiring 

considerable effort, has the advantage of providing an overall picture, to catch and highlight 

all the integration factors, and thus, to avoid duplication. 

It is the framework document for all IMS procedures, in which the interactions between the 

processes are described. In addition, the Manual has to be continually updated and  include 

the policy, objectives as well as the IMS purpose and scope. 

The procedures adopted by A. Petti S.p.A. - which describe the conditions under which to 

perform certain activities - were divided and structured in conformity with following level of 

integration: 

- common or general system procedures, or rather unique for certain activities, such as 

management review, the internal audits and training of the staff involvement  

management, as well as the devices monitoring and measuring or even the all parties 

concerned satisfaction  evaluation; 

- partially integrated procedures, if common to only some Systems, such as emergency 

management or the environmental impacts assessment and risks expected in the 

environmental systems, etc.; 

- not integrated procedures, if they relate only to a single System, such as control over 

product quality, waste management, etc. 
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Finally, also the recordings, needed to provide the IMS evidence of conformity and operation, 

were divided into common or general, partially integrated or non-integrated, depending on 

which refer to recordings processes for which it is initially proceeded to the integration or 

less. An example of the first is the management review minutes, while not integrated 

recordings can be, for example those related to emissions. 

The implementation of these procedures and integrated recordings made it possible to 

considerably reduce the number of the same - through the elimination of duplication and by 

integrating, where possible, several types of documents - and provide a considerable 

bureaucratic simplification. 

All documents were examined together with Company staff in order to enlighten everyone 

and to discuss suggestions: this was preliminary to the operative phase of application of the 

IMS. 

The integrated system provides for application to all levels and all business processes related 

to each other directly or indirectly, affecting the quality of products/services offered or that 

interact with the environment, so as to ensure that they comply with the requirements of 

customers and other conditions applicable. To this purpose, the company has defined the 

relevant processes for quality management, environment and product safety, dividing them 

into “primary” and “support”. The primary processes are directly related to the production of 

concentrates and tomato sauce and customer satisfaction (purchase orders, warehousing, 

procurement, manufacturing and controls), the processes of “support”, however, are those 

without immediate impact on the final customer but which support the activities of the 

company by determining the correctness and efficiency of the primary processes (such as 

resource management, measurement, analysis and improvement, managerial responsibility) 

(Salomone et al. 2013). 

The realization of an IMS in A. Petti S.p.A. was facilitated by its own peculiar characteristics, 

such as flexibility and adaptability to the environment changing conditions in which it 

operates, to its mobilization ease and speed of existing resources and the strategies and 

behavior modification on the basis of contingent situations. These characteristics have favored 

the cultural, management and organization change processes, needed to support the strategies 

promotion oriented to the effectiveness, efficiency and responsibility environmental and 

social  

. 

THE INTEGRATION OF QUALITY AND ENVIRONMENTAL MANAGEMENT 

SYSTEMS IN THE LIGHT OF THE RECENT STANDARDS ISO 9001:2015 E 

ISO 14001:2015 

The standards ISO 9001:2015 and ISO 14001:2015 recent versions provide for new concepts 

and principles, fundamental and strategic in terms of improving organizational performance 

even in relation to the conditions and market scenarios. 

The processes management, risk-based thinking, the activities  harmonization associated with 

the strategic direction and organizational knowledge and its place oneself in the target market 

are current issues that the  A. Petti S.p.A. aims to address and manage  in advance in order to 

implement them in a useful and beneficial way for the organization. 
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The A Petti S.p.A. aims in the coming months to adapt its IMS to the ISO 9001 and ISO 

14001 new requirements by following the steps outlined below: The first step is aimed at 

identifying any gaps or deficiencies in the current system and the definition of the adjustment 

path to take through an appropriate comparison of IMS deployed and implemented with the 

ISO 9001 and ISO 14001 new requirements. 

The A. Petti S.p.A., by a careful  business processes evaluation and a context and stakeholders 

analysis, will carry out a mapping and risk assessment and will finalize the gap analysis 

between the current procedures and what is required by the new standards. 

The risks, in fact, have to be identified, assessed and managed as an integral part of the 

Integrated Management System, and considered one of the elements that contribute to 

improving the organization's performance. 

The second step includes the main stakeholders involvement (management, employees etc.) 

and the upgrade of the existing system. As a result it will be expected some checks through 

internal audits to assess the correct implementation and, therefore, preparation for re-

certification according to the new standards. 

It is necessary to highlight that the IMS adjustment process will inescapably incorporate the 

major changes envisaged by the new standards through: 

- the new "High Level Structure” - HLS application.  

- According to this structure, in fact, the risks identification and assessment and the 

opportunities associated with a given management system is a prerequisite to be able to 

properly set the planning and define, therefore, appropriate actions to effectively 

manage these risks and opportunities.  

- a risk-based thinking consolidation, in order to support and improve the IMS planning 

- In interpretative key provided by the same ISO 9001 and ISO 14001, the risk concept  

tends to widen, calling organizations to develop approaches to risk management aimed 

not only to govern the threats that might prevent to achieve their business objectives, 

but also to seize and exploit the potential opportunities related to them. Among the risks 

to be considered there are, therefore, also the risks associated with maintaining 

compliance with the legislation (which might entail sanctions consequences, fines, 

certification suspension or loss, etc.) and risks associated with potential positive and 

negative impacts on corporate business. 

- The recent standards contain specific requirements for the risks identification, 

assessment and management and opportunities, which involve a review and a 

reorientation of the A. Petti S.p.A. Integrated Management System. This in order to 

finalize the IMS also to the prevention and risk reduction and the enhancement and 

amplification of the opportunities related to their management. It is important to 

consider that  this type of risk analysis considers the environment as a source or through 

risk and the business as a target of its risk. 

-  greater consideration of the organizational context (relevant issues, stakeholders) 

- Among the most significant new standards innovations, there is the introduction of a 

new requirements set related to the organization identification and understanding which 

adopts and develops an IMS, the context in which it operates and instances coming from 

this. 
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- The introduction of this new "anchor" for the organization's environment, will induce 

the A. Petti S.p.A. to require, in particular, to identify and take charge of the 

stakeholders needs and expectations, emerging from the context, which become real 

requirements for the organization. Infact, it is called to identify stakeholders, assess the  

their needs and expectations relevance, based on this evaluation, determine which - 

between the needs and expectations identified and assessed - are significant as to be 

become IMS actual requirements. 

-  a more significant attention to the expected results from the IMS achievement  

-  greater attention to the products use and at product all life cycle levels 

-  greater involvement and control of suppliers 

-  increased attention to external communication and less concentration on the 

documentation 

- un strengthening of the leadership requirements. 

The leadership theme from the Top Management assumes, in fact, a crucial importance in the 

new standard structure, both as seek to offer a good example at all organization levels, and as 

the need to "assimilate" completely business and environmental priorities in business 

strategies and to make available sufficient resources for this purpose. 

All these innovations are linked by the only common thread of the A. petti S.p.A manifold 

will to promote a greater IMS entrenchment in business reality, at all action levels: from the 

Top Management strategies, to the relationships with suppliers and other players in the sector, 

to tie the organization's destinies even with its context and with the stakeholders that make it 

up. A practical fairly ambitious goal, however, that wants to pursue the highest aim to give 

dignity to the improving strategies of the organization business and environmental 

performance, bringing them into the business decisions heart, making them enter the cockpit, 

giving, then, "substance" the corporate sustainability and environment. 

It is the A. Petti S.p.A. task, finally, to define improvement opportunities and the actions 

necessary to achieve the intended outcomes, based on the outcomes of the three key tasks that 

define the performance evaluation - measurements and monitoring - internal audit and 

management review. Non-compliance and corrective actions do not serve "only" to keep the 

IMS efficiency, but can have multiple purposes in corporate operations, including for 

example: 

- strengthen the employees involvement and motivation; 

- develop continuous improvement ideas; 

- show the System "transposition" and its roots to the verifier; 

- improve and make efficient control instruments by management and assessment tools of 

an organization's performance; 

In practice, the non-compliance, as emphasize the new standards have a positive connotation 

in the system management and have to be "lived" by the company in a constructive and 

functional to the system itself effectiveness. The deviations from the requirements, or by the 

compliance obligation, are promptly detected by the organization's staff and are used as an 

incentive to improve. 
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In full coherence with this approach, with reference to the indicators use that have been 

previously defined  "of control" for the system performance evaluation, a particularly 

significant indicator is represented, for example, by the ratio between the number of non-

compliance reported from the inside, and the number of non-compliance reported by the 

external auditor: the higher this ratio, the more the system proves to be able to respond to one 

of its main objectives - to continuously supervise compliance with the standards, registering 

promptly any differences and showing compliance with the reference standards within the 

third party verification. In this sense, the non-compliance should be vested in the system daily 

routine, and be detected not within the regular internal audits, but also, continuously, from the 

"base", that is, from the staff who is in line to operate. 

Conversely, a good reactivity "indicators" system encompasses sizes primarily aimed at 

quantifying the actions taken as a result of the evidence arising from the audits, in terms of 

corrective actions and, more generally, as a result of reports of non-compliance also not 

attributable to internal audits cycle. In the new standards, and, therefore, in the IMS of A. 

Petti S.p.A. will disappear "formally" preventive actions: this absence is clear and consistent 

with the innovations standards. It is clear that in the new standards setting, the System is 

focused on risk prevention, so the explanation of specific requirements on the preventive 

actions will lose its meaning. 

Referring finally to the continuous improvement concept, is now definitively clear that it 

includes both the supply chain - in the Life Cycle Perspective - and the risk, in terms of the 

IMS ability to reduce the risk in both its fundamental meanings: as a risk for the environment 

and as a risk for the organization. 

To the organization, in fact, is asked to look to its environmental aspects from the perspective 

of the "Life Cycle", or to consider not only what happens within the physical boundaries and 

decision of their company, but also to understand what happens before and after them, and 

groped to positively influence the suppliers and customers, distributors and end users 

behavior and choices in order to direct them towards environmental improvement. It is 

difficult to fight or deny this trend significance, regardless of the standard ISO 14001, is 

already long been taking on the role and growing importance in the A. Petti S.p.A.  strategies 

in view of the emerging need by the growing globalization, offshoring and outsourcing of 

many processes, by an increasingly strong and direct relationship with the customer, from the 

need to offer guarantees on the entire supply chain. 

The improvement objectives identification, and the definition of environmental programs and 

actions to pursue them effectively, are the privileged setting for the  Life Cycle Perspective 

integration in the Integrated Management System. It is in the decision making processes, in 

fact, that the tools information capacity such as Life Cycle Assessment (LCA)
6
 express their 

full potential. Apart from the utility considerations, for business decision makers, to have 

adequate information and detailed data on the environmental impacts associated with different 

alternatives for possible improvement - now widely recognized - it is useful to focus on a 

                                                 
6
 The Life Cycle Assessment is a methodology for the calculation of the ecological footprint of a product/service 

in its life cycle. It is based on an objective process and timely for the evaluation of environmental loads 

connected to the product/service in question, through the identification and quantification of the energy and of 

the materials used and waste products from extraction to the treatment of raw materials, to manufacture, 

transport, distribution, use, re-use, recycling and final disposal ("full LCA"). 
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particular aspect of the program, its efficiency and economic environmental interventions 

sustainability. The LCA methodology matrix can find effective application in the IMS field, 

in search of opportunities for eco-efficiency. The so-called Life Cycle Costing, for example, 

provides guidance on how to integrate the accounting business "conventional" with an 

approach that allows for identification of strategic opportunities and the scope for longer-term 

efficiency. 

This interpretation might help to overcome the actual standard limitations in urging certified 

organizations to adopt and implement environmental programs and objectives concerning 

supply chains, relationships with suppliers, the characteristics of its products and services, the 

competitive opportunities related to "green" niches market and all those areas, being more 

related to the environmental aspects defined as "indirect", are today very little developed by 

organizations. 

It is necessary, however, to emphasize that the strong innovations introduced by the standards 

may constitute a concern source for organizations that to date in the requirements 

implementation have given importance to the standards compliance formal aspect, even 

worse, for those organizations that they have considered it a mere formality. Definitely there 

is not concern for the A. Petti S.p.A. which has always understood the standard requirements 

meaning and has incorporated them into strategies and business work mode, it has translated 

them into effective tools and management approaches for their own company and has 

developed them in order to pursue its own performance continuous improvement and, at the 

same time, of its competitiveness. 

 

RESULTS AND CONCLUSIONS 

The complex and articulated integration process undertaken by the Petti S.p.A and the 

subsequent adaptation of IMS to recent standards highlight many advantages both in 

organizational terms and in terms of economic and financial. 

Among the main related to internal processes emerge the ability to reduce the conflicts and 

inefficiencies between the various systems, optimization of resources and the resulting 

synergies, the improvement of the aspects related to the management of risk and the 

possibility of performing internal and external audit as efficient and effective as well as the 

simplification of bureaucratic aspects and organizational. In general the S.p.A. achieved 

improvements in organizational efficiency and effectiveness. 

In other words, the integration between management systems has represented an opportunity, 

that the same standard suggest, to promote synergies in terms of the resources used and the 

experience acquired, and can be a formidable lever for the affirmation of new governance 

models oriented to improve performance in a holistic approach. 

The weak points that emerged during the process of implementation have focused on the need 

for a change in attitude between employees and management, difficulties in attempting to re-
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allocate roles, responsibilities and skills and resources for training, knowledge sharing and 

dissemination.  

As concerns the strong points relative to external processes, these mainly involve the 

worldwide spread of multiple MSs in the agro-food sector and the enhancement of synergies, 

best practices to meet strong competition on the global market and the widespread adoption of 

tools for continuous improvement and benchmarking (Salomone et al. 2013). 

The experience of A. Petti S.p.A. may be a propulsive factor and driving force for the oriented 

other organizational realities involved in the improvement of their economic, environmental 

and social performance through a systemic vision of quality. A vision that requires the 

adoption of different instruments to the continuous improvement of the effectiveness and the 

efficiency of the processes involved. 
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ABSTRACT 

This work describes in detail the development of a systematic and standardised Six Sigma 

approach - outlined in four steps. The first step has the objective of defining the activities and 

respective goals for each DMAIC phase. Step two focuses on the determination of their 

required inputs and the thereby generated outputs. Step three involves establishing a 

chronological order of the activities, integrating the findings of step one and step two. This is 

determined by identifying the flow of information between activities. The generated outputs 

of each activity are linked to inputs of dependent activities and vice versa. Once the 

chronological order is established, the critical path of activities and their respective 

inputs/outputs can be mapped. In this regard, the critical path formally identifies activities that 

need to be executed in the given sequence in order to gather all the information required. 

Following the identification of the critical path, the final step involves its alignment with 

quality control points, in this context Quality Gates. Predefined hard factors are set to each 

gate that have to be satisfied in order to move forward on the critical path. Achieved results 

are examined on quality of execution and completeness and whether the specified conditions 

are met. Therefore, Quality Gates safeguard that no crucial activity/information is omitted, 

thus ensuring consistent goal-oriented project evaluation (Cooper, 1990; Hawlitzky, 2002). 

Keywords: six sigma approach, critical path, quality gates, DMAIC. 

 

PROBLEM AND THEORY 

Six Sigma is a quality management approach that pursues the goal of process improvement 

and has been implemented for years by successful companies with high demands on quality 

(Töpfer, 2016). The aim of the approach is the reduction of ubiquitous variations and thus the 

realisation of defect-free processes and accompanying defect-free products and services, as 

well as the reduction of quality costs (Jochem, 2015; Töpfer, 2016). Depending on the 

framework requirements of the given problem, Six Sigma provides several problem solving 

procedures for the solution of the respective problem. This work focuses on project-based 

process improvement of existing processes, products and services.  

With regard to existing processes, products and services, the Six Sigma approach makes use 

of the DMAIC cycle, a structured problem solving procedure, implemented to transform an 

unsatisfactory actual state into a desired state, the latter signifying the fulfilment of a desired 

requirement (Herrmann, 2011). Within Quality Science, together with the Deming cycle 

(Plan-Do-Check-Act), the DMAIC problem solving procedure represents one of the most 

prominent approaches for project-based continuous improvement. Its name is an acronym for 

the phases of the problem solving procedure: Define, Measure, Analyse, Improve and 
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Control. Within each phase several goal-oriented activities (or techniques, methods and 

instruments) from the fields of quality, process and project management are implemented in 

order to provide the phase-specific content, see table below (Herrmann, 2011; Jochem, 2015). 

The phase-specific contents can also be interpreted as sought-after targets. 

 

Table 1 - Phases and respective content of the DMAIC cycle 

Phase 
Content 

Define 
Understand the problem and its impact 

Measure 
Develop and carry out a measuring concept appropriate to the problem 

Analyse 
Identify the problem’s primary causes of variation  

Improve 
Develop suitable solutions for the problem causes and prepare their implementation 

Control 
Implement the solutions and secure long term success 

 

With regard to the chronology of the phases as well as to their content, the DMAIC cycle 

provides a structured generic guideline as to how to reduce variation for any existing process. 

However, this sequential way of proceeding describes a universal, yet abstract approach as it 

broadly specifies the execution within each phase (Mast, 2012; Jochem, 2015). For example, 

with regard to the Define phase’s content, some authors suggest the implementation of a 

process analysis on a meta level in order to help understand the problem and its impact 

(Jochem 2015; Wappis, 2013; Pande 2000). Other authors, however, suggest the process 

analysis be implemented as part of the Measure phase in order to help develop a measuring 

concept appropriate to the problem (Kubiak, 2009). 

Due to the generic characterisation of activities the actual roadmap and its activities can be 

diversely combined and implemented. Therefore the specific activities and their logical 

relations are not explicitly defined and do not underlie a predefined logic nor order. This is 

widely recognisable throughout the DMAIC-related literature. Depending on the author, the 

implemented activities viewed as necessary in order to achieve the phase-specific content as 

well as their chronological order may differ. Hence, the choice of activities and their sequence 

within the DMAIC phases, are to great extent shaped by the individuality and subjectivity of 

the user. Accordingly, pertinent literature and present practice attest the non-existence of a 

standardised procedure in terms of DMAIC-related activities (Tjahjono, 2010). 

Furthermore, only few authors incorporate a consistent project evaluation concept that 

controls quality of execution throughout the DMAIC phases. In general, most authors suggest 

the use checklists at the end of each phase in order to examine predefined objectives for 

completeness (Pande, 2000; Kaufmann, 2012; Jochem, 2015). Pande even provides standard 

checklists with basic instructions for key activities.  

According to Meran, reviews can be held in order to present and assess achieved results and 

new findings (Meran, 2012). A review is held at the end of a DMAIC phase in order to 

present achieved results, the procedure of their generation as well as new findings. The 

achievement of set objectives is assessed based upon the presented information. If all 

objectives are met, the project is to be continued into the next phase. If not all are met, further 
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steps have to be discussed to ensure that all prerequisites for the continuation of the project 

are fulfilled (Meran, 2012). 

As described, in both forms of evaluation, the achievement of the phase’s objectives is 

examined based on the presented information. However, both forms of evaluation are 

generally conducted at the end of each DMAIC phase that poses a severe shortcoming. 

Incomplete and/or flawed information is discovered at a very late stage of a phase. Failure to 

consistently control the executed activities and their results increases the risk of poor decision 

making and ultimately manifests itself in costly as well as resource- and time-consuming 

implications. Consequently, the Six Sigma approach lacks a consistent quality control 

concept. 

 

PURPOSE 

Overall, the implementation of the Six Sigma approach demands highly qualified users and 

thus is often assigned to experts in the field of Six Sigma (primarily Master Black Belts and 

Black Belts). Practical experience and expertise are essential for project-specific decision 

making, particularly with regard to the above. The predominant implementation by experts 

highlights the necessity for a standardised approach and consequently the conception of a 

procedure model in such a way as to enable a broader circle of users (Tjahjono, 2010). 

Furthermore, a quality control concept is needed to ensure consistent quality of execution. 

 

APPROACH 

This work describes in detail the development of a systematic and standardised Six Sigma 

approach - outlined in four steps, see figure 1.  

1. The first step has the objective of breaking down each phase of the DMAIC cycle to a 

sufficiently granular level of phase-specific activities. The latter are then standardised 

as well as are their respective goals defined. 

2. Step two focuses on the determination of the required inputs of the standardised 

phase-specific activities as well as their generated outputs. Thereby, the input usage 

and transformation is examined for each activity in order to help determine the 

activity’s output. In addition, the outputs are consolidated based on the previously 

defined activity’s goal. 

3. Step three involves establishing a chronological order of the activities, integrating the 

findings of step one and step two. This is determined by identifying the flow of 

information between activities. The generated outputs of each activity are linked to 

inputs of dependent activities and vice versa. Once the chronological order is 

established, the critical path of activities and their respective inputs/outputs can be 

mapped. In this context, the critical path does not identify activities that need to be 

completed on time in order to complete the project on time. In this regard, time is not 

the key issue of the critical path analysis. However, the critical path formally identifies 

activities that need to be executed in the given sequence in order to gather key 

information required to complete the project. Therefore, each critical activity must 

generate the desired key output in order to proceed on the path. 

4. Following the identification of the critical path, the final step involves its alignment 

with quality control points, in this context Quality Gates. Predefined hard factors are 
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set to each gate that have to be satisfied in order to move forward on the critical path. 

Achieved results are examined on quality of execution and completeness and whether 

the specified conditions are met. Therefore, Quality Gates safeguard that no crucial 

activity/information is omitted, thus ensuring consistent goal-oriented project 

evaluation (Cooper, 1990; Hawlitzky, 2002). 

 

 

 

Fig. 1 - Standardising the Six Sigma approach step by step 

 

 

DEFINITION OF ACTIVITES AND RESPECTIVE GOALS 

This work aims to establish a standardised procedure with respect to the DMAIC cycle. 

Hence, the focus of this work lies on its phase-specific activities. As a first step, a structure 

for classifying activities is determined, given the fact that certain activities signify a higher 

role to the fulfilment of a phase’s content as others. As a result, each phase is subdivided into 

two layers. An activity on the superordinate layer can be interpreted as a principal activity, 

whereas an activity on the subordinate layer describes an auxiliary activity. A principal 

activity always consists and is dependent of at least one or more auxiliary activities. 
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Table 2 - Classification of activities, example for Define phase 

Phase Principal Activity Auxiliary Activity 

Define Define Project Define Problem 

  Determine Project Scope 

  … 

 Develop high-level Process Map Identify Core Process and essential Sub-

Processes 

  Determine Process Inputs and Outputs and 

Process Participants 

  … 

… … … 

 

The identification of principal and auxiliary activities or activities in general, however, proves 

to be of major difficulty, as these are generally not laid out as such. In both theory and 

practice, activities are often combined and implemented as integral parts of techniques, 

methods or instruments. Users that implement the DMAIC cycle, do so by implementing 

techniques, methods and instruments. Accordingly, DMAIC-related literature mainly deals 

with their usage and implementation, leaving little room for visible distinction between single 

activities. Therefore, the techniques, methods and instruments form the starting point for 

identifying the phase-specific activities. Table 3 outlines the procedure for their identification 

and determination. 

Table 3 - Identifying and determining the phase-specific activities 

Step Tasks 

1 Break down techniques, methods or instruments into distinguishable activities 

2 Consolidate and standardise activities  

3 Define goal for each activity 

 

 

BREAK DOWN TECHNIQUES, METHODS AND INSTRUMENTS INTO 

DISTINGUISHABLE ACTIVITIES 

In order to identify the activities, these have to be viewed separately from techniques, 

methods or instruments. Thus, the bundle of activities embedded within a technique, method 

or instrument must be broken down into distinguishable activities. As an example, the 

procedure is described for the technique Project Charter (Define phase). In this regard, there 

are many options for developing the project document that states the project’s mission, 

benefits and scope (Jochem, 2015; Kubiak, 2009). Its most common elements are Problem 

Statement, Goal Statement, Project Scope, Project Benefit, Team Members and Resources, 

Preliminary Project Plan and Project Authorisation (Jochem, 2015; Pande, 2000; Kubiak, 

2009; Toutenburg, 2009). The task is to identify the activities embedded in the elements. For 

example, the element Problem Statement can be transformed into an activity by formulating 

the activity “Define Problem”. Likewise, the element Project Scope can be summarised as the 

activity “Determine Project Scope”. This procedure is implemented for the remaining 

elements. After having transformed all elements into an activity the technique’s task becomes 

more visible and comprehensive. As a result, the overall activity behind Project Charter can 

be summarised as “Define Project”.  
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Finally, the identified activities are then classified accordingly for each author, see table 2. 

With regard to the above, “Define Project” is classified as the principal activity, whereas 

“Define Project” and “Determine Project Scope” are classified as auxiliary activities. This 

procedure is implemented for the remaining activities of the viewed phase. As a result, a list 

of summarised and distinguishable DMAIC-related activities (classified into principal and 

auxiliary activities) is established for each author. 

 

CONSOLIDATE AND STANDARDISE PHASE-SPECIFIC ACTIVITIES  

Depending on the author, the classification of activities may differ so that principal activities 

may include more or less auxiliary activities than suggested by others. In other words, an 

auxiliary activity may be assigned to different principal activities, depending on the author. In 

addition, what one author may classify as an auxiliary activity may be classified as a principle 

activity by another auther and vice versa. For instance, within the principal activity “Define 

Project” Kaufmann includes the auxiliary activity “Analyse Stakeholders” (Kaufmann, 2012). 

As an auxiliary activity it is also classified by Wappis. However, he assigns it to a different 

principal activity, namely to “Develop high-level Process Map” (Wappis, 2013). Jochem and 

Kubiak on the other hand, classify “Analyse Stakeholders” as an independent principal 

activity (Jochem, 2015; Kubiak, 2009).  

Furthermore, an activity may be assigned to a different phase, depending on the author. For 

example, the principle activity “Development of a high-level Process Map” is commonly 

implemented within the Define phase (Jochem 2015; Wappis, 2013; Pande 2000), whereas 

Kubiak positions this activity within the Measure phase (Kubiak, 2009). As Kubiak is one of 

the few advocates who position the activity within the Measure phase, it is determined that it 

is positioned within the Define phase. 

Consequently, great discrepancies can be identified between the lists of activities of the 

authors, with regard to the classification of principal and auxiliary activities as well as to their 

phase-specific positioning. The task is to consolidate these activities. Therefore, the lists of 

activities prepared in the previous step that comprise a maximum yield, are compiled into a 

single narrowed down list of activities. Thereby, only those activities that are described by the 

vast majority of authors and that show overlapping and commonalities are taken into account. 

As a result, the final classification of principal and auxiliary activities as well as their phase-

specific position is determined and standardised. 

 

DEFINE THE GOAL FOR EACH ACTIVITY 

Once the DMAIC-specific activities are determined, the last step is to determine their 

respective goals. The goal of an activity is to fulfil a specific purpose, the latter being the 

generation a specific content, outcome or output. Therefore, if a desired output is needed, the 

appropriate activity can be identified based on its purpose/goal. In other words, a specific 

output can be linked to a specific goal and therefore to a specific activity (retrograde 

approach). 

This step is crucial for understanding the implementation of a specific activity. The 

understanding supports the determination of activities that have to be implemented in order to 

generate each phase’s content, see table 2. As a result, the standardised activities are 

complemented by their respective goals. 

 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 

 

 

-1665- 

DETERMINATION OF REQUIRED INPUTS AND GENERATED OUTPUTS FOR 

EACH ACTIVITY  

As described above, the implementation of an activity has the purpose/goal to generate a 

specific content, outcome or output. This may present itself in form of knowledge, a finding 

or a complete document of qualitative or quantitative nature. The output is generated through 

transformation of an input. The latter, also may present itself in form of knowledge, a finding 

or a final document of qualitative or quantitative nature. As principal activities signify an 

aggregation of their auxiliary activities, the former do not require an input nor do they 

generate an output. Therefore, every auxiliary activity consists of one or multiple inputs and 

at least one or multiple outputs. The aim is to identify the required inputs of every auxiliary 

activity as well as its generated outputs. 

 

DETERMINATION OF REQUIRED INPUTS 

The determination of the required inputs of an auxiliary activity is achieved by gathering all 

of its eligible inputs. The result is a maximum list of possible entries. These are narrowed 

down through pairwise comparison to a small number of most significant inputs. The inputs 

are then categorised as basic requirement, performance requirement or delight requirement. 

The assigned category signifies the degree of dependence of an input for an activity. Inputs 

that are categorised as basic requirement are recognised as imperative for the implementation 

of the viewed activity. Thus, they represent the minimal requirement. On the other hand, 

inputs that are categorised as performance or delight requirement are not imperative for the 

implementation of an activity. However, they may to some extent enlarge and ameliorate the 

generated output. As a result, the standardised activities are complemented by their respective 

inputs.  

Figure 2 shows an example of the auxiliary activity “Identify Core Process & essential Sub-

Processes” of the principal activity “Develop high-level Process Map” (Define phase). Its 

identified inputs are “Problem Statement” and “Project Scope”. The former input is 

considered a performance requirement, whereas the latter is considered a basic and therefore 

an imperative requirement for the implementation of the auxiliary activity “Identify Core 

Process & essential Sub-Processes”. 

 

Fig. 2 - Determination and categorisation of required Inputs for the auxiliary activity “Identify Core 

Process & essential Sub-Processes” 
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DETERMINATION OF GENERATED OUTPUTS 

The determination of an activity’s output is achieved by examining the input usage and the 

transformation process within the auxiliary activity. The essential determinant is the activity’s 

purpose/goal. In general, the activity’s goal implies a specific output. Therefore, based on the 

activity’s goal, the output can often be logically deducted (progressive approach). For 

example, the principal activity “Define Project” includes the auxiliary activity “Define 

Problem”. The latter activity has the purpose/goal to provide a precise explanation of the 

problem and the reasons why the company is adversely affected or why the current situation 

has arisen. Based on the activity’s goal, the output can be logically deducted. The content of 

the output must be a description of the problem, thus, the output is a “Problem Statement”.  

In addition, to consolidate the identification of an activity’s output, the linkage between 

output and goal/activity can be made use of (retrograde approach). The outputs realised by 

techniques, methods or instruments are broken down into distinguishable units of outputs. 

Regarding the same example as above, it is known that the “Problem Statement” is an output 

of the technique “Project Charter”. With view to the standardised activities and their 

respective goals, the output “Problem Statement” can be directly linked to the corresponding 

goal of the activity “Define Problem”. As a result, the standardised activities are 

complemented by their respective outputs.  

 

ESTABLISHING A STANDARDISED SEQUENCE OF DMAIC-RELATED 

ACTIVITIES 

As stated, pertinent literature shows great discrepancies with respect to the sequence of 

DMAIC-related activities. For example, within the project’s early phase, Pande, Jochem, 

Kaufmann and Wappis largely regard the principal activities “Define Project”, “Develop 

high-level Process Map” and “Determine Customer Requirements/Critical Quality Features” 

as essential to obtaining the phase’s contents - in that order (Pande, 2000; Jochem, 2015; 

Kaufmann, 2012; Wappis, 2013). In accordance, Kubiak and Toutenburg regard the same 

principal activities as essential. However, they outline a different sequence, starting with 

“Determine Customer Requirements/Critical Quality Features”, continuing with “Define 

Project” and ending with “Develop high-level Process Map” (Kubiak, 2009; Toutenburg, 

2009). It is apparent, that the DMAIC cycle lacks a standardised sequence (Tjahjono, 2010). 

The task is to determine a standardised sequence of the activities by integrating the findings 

of step one and step two. So far the phase-specific activities have been identified and 

standardised. Furthermore, they have been complemented by required and generated 

information - inputs and outputs. In order to determine a chronological and standardised 

sequence of activities, the flow of information between activities must be identified.  

 

ESTABLISHING A CHRONOLOGICAL ORDER OF ACTIVITIES 

The first step is to establish a connected network of activities by outlining the informational 

relation between the activities. For this purpose, only auxiliary activities are taken into 

account as principal activities do not require inputs or generate outputs. The determination of 

the information flow is achieved by linking the identified outputs generated by activities to 

inputs of dependant activities and vice versa. An excerpt of the procedure is outlined in figure 

1 for the auxiliary activities “Identify Core Process and essential Sub-Processes” and 
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“Determine Process Inputs and Outputs and Process Participants” of the principal activity 

“Develop high-level Process Map” (Define phase). 
 

 

Fig. 3 - Establishing a network of activities by linking outputs of activities to inputs of dependant activities 

The procedure is carried out for all DMAIC phases. As a result, a total and coherent network 

of related activities is mapped. Simultaneously, the predecessor relationships are visualised. 

Thus, by taking the predecessor relationships into account, the activities can be scheduled 

according to each activity’s time of completion. As a result, their chronological order is 

determined.  

 

IDENTIFYING THE CRITICAL PATH OF ACTIVITIES 

The critical path analysis formally identifies those activities that need to be completed on time 

in order to complete the project on time. Thereby, the dependencies as well as start date, 

duration and end date of each activity are taken into account. As a result, the critical sequence 

of activities as well as the minimum length of time to complete the project - critical path - is 

determined. 

In this context, however, the emphasis of the critical path does not lie on the time aspect. The 

emphasis lies on the transfer of critical information or basic requirement outputs that are 

regarded as essential to implementing the DMAIC cycle and thus, completing the project.  
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Based on the identified chronological order of activities, the critical path can be determined 

by focusing on the critical informational dependencies between activities. For that purpose, 

the network of DMAIC-related activities mapped in the previous step is walked through from 

back to front. The main emphasis is on the key outputs of activities that are critical for project 

progression. In other words, activities on the critical path must be implemented in sequence 

with each activity being completed before subsequent activities can begin. For example, 

within the Define phase, the auxiliary activity “Determine Project Scope” of the principal 

activity “Define Project” is imperative for the implementation of the entire principal activity 

“Develop high-level Process Map”. The latter cannot begin until it obtains the input from the 

activity “Determine Project Scope”. Therefore, it signifies a critical activity for project 

progression and is thus integral part of the critical path. Finally, after analysing the network of 

DMAIC-related activities from back to front, the critical path of the DMAIC cycle is 

determined. As a result, the user is enabled to implement the DMAIC cycle and thus, the 

improvement project, in a systematic and standardised manner. 

 

ALIGNING QUALITY GATES TO THE CRITICAL PATH 

As described above, only few authors incorporate a project evaluation concept that 

consistently controls quality of execution throughout the DMAIC phases. In general, project 

evaluation is conducted at the end of each phase, thus increasing the risk of detecting 

incomplete and/or flawed information at a very late stage within a phase. Therefore, a 

consistent quality control concept is needed in order to ensure consistent quality of activity 

execution and thus, project success.  

For this purpose, significant quality control points within the DMAIC phases are determined. 

The identified critical path of activities is used as the basis. Each activity on the path 

represents an imperative element to achieving the project’s goal by providing the essentially 

needed information (basic requirement outputs). Therefore, quality control points are 

positioned after each critical activity in order to safeguard that all prerequisites are fulfilled 

and no crucial information/activity has been omitted for the next step (Cooper, 1990; 

Hawlitzky, 2002). In this context, the quality control points are formed by Quality Gates. A 

generic critical path with Quality Gates is outlined in figure 4. 

 

Fig. 4 - Generic critical path aligned with Quality Gates 

These have the purpose to evaluate and assess the generated information or output of the 

respective activity. Each gate is provided with predefined activity-specific hard factors that 

have to be satisfied in order to move forward on the critical path. For example, as described, 

the auxiliary activity “Determine Project Scope” of the principal activity “Define Project” is 

integral part of the critical path. The existence of its output is imperative for proceeding to the 

principal activity “Develop high-level Process Map”. Therefore, a Quality Gate is positioned 

between the principal activities “Develop high-level Process Map” and “Define Project” in 

order to control the latter activity’s quality of execution, see figure 5. In this regard, the output 
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“Project Scope” is assessed on completeness and content correctness/accuracy. If all 

objectives are met, the project is to be continued into the next principal activity “Develop 

high-level Process Map”. If not, further steps have to be discussed and initiated to ensure that 

all prerequisites for continuation are fulfilled. 

 

Fig. 5 - Quality Gates positioned between critical activities in order to evaluate and control critical 

information (basic requirement outputs) 

 

Accordingly, Quality Gates are positioned along the critical path between critical activities. 

Thereby, each gate is individually designed by including its activities’ critical particularities. 

As a result, in case of identified incomplete and/or flawed information at a gate, these can be 

corrected without threatening/initiating subsequent activities. Consequently, quality of 

execution and thereby, goal-oriented project progression, is consistently controlled and 

safeguarded. 

 

FINDINGS 

The definition of standardised principal and auxiliary activities for each DMAIC phase is 

essential for laying the foundations of this work. Based on the defined activities, their goals, 

inputs and outputs can be determined. Consequently, the flow of information between 

activities can be mapped by linking generated outputs of activities to the inputs of dependant 

activities. Thereby, the predecessor relationships can be identified, enabling the determination 

of the chronological order of activities. By emphasising the critical informational 
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dependencies, the critical path of activities is determined. Thus, the sequence of imperative 

activities/outputs along the DMAIC cycle is outlined. Thereby, the user is enabled to carry out 

an improvement project in a systematic and standardised manner.  

Furthermore, due to the integration of Quality Gates, users can consistently evaluate the 

effective pursuit of set objectives. The improvement project is not assessed at the end of every 

phase. Instead, a phase contains several Quality Gates that are positioned between critical 

activities. These ensure consistent that no incomplete and/or flawed information is passed 

onto the subsequent activity, thus safeguarding goal-oriented project progression and success. 

Consequently, the DMAIC cycle, and in this context, the Six Sigma approach, comprises a 

consistent quality control concept. 
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ABSTRACT 

In today's society, environmental sustainability is becoming increasingly important. It raises 

the need for sustainable development in which the environment is both a constraint and a 

driving force for product and process innovations. Nevertheless, the effectiveness of these 

innovations depends strongly on the way in which they are communicated to the consumers. 

The aim of this study is to identify the role of environmental standards in the communication 

strategies of eco-sustainable products by using a case-study method related to the furniture 

sector. 

Keywords: environmental sustainability, eco-design, environmental standards, green 

communication. 

 

INTRODUCTION 

Recent developments in the consumption patterns highlight the growing interests of the 

consumers towards products’ authenticity and environmental safety. In 2010, 50.6% of Italian 

consumers paid attention to the environmental impact of their consumption and lifestyle, 

while 31% defined themselves as “sustainable citizens”, environmentally responsible, critical 

about waste, and aware of the negative consequences that their consumption choices can 

generate (Fabris, 2010). Consequently, consumers increasingly demand for safety products in 

order to satisfy their need for environmental protection and long-term personal wellbeing. 

Companies are gearing up to face this new phase of economic development. The fifth Report 

(2016) provided by the National Council of Green Economy shows that, in 2015, the 27.5% 

of Italian companies is Core Green (i.e., they produce environmental goods or services 

specifically aimed at reaching high environmental performances), while 14.5% of them is Go 

Green, because they are adopting green models of management. The set of Core Green 

companies, together with Go Green ones, brings green businesses up to a 42% of the total 

Italian enterprises.  

Furthermore, a strong propensity to environmental certifications is widespread among Italian 

companies. With over 24 thousand certifications, Italy is the second country in the world for 

number of ISO 14001 certificates, after China (105 thousand). It is the first Country for 

number of EDP (Environmental Product Declaration) certifications, the third for ecolabel and 

EMAS (Eco-Management and Audit Scheme) and the fifth country in the G20 for forest 

certifications. Italy, in short, is one of the most advanced country in terms of environmental 

standards. A matter that should be read in the context of an overall competitive repositioning 

of Italian businesses in terms of quality and green economy (Symbola, 2016). 
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Environmental sustainability is generally perceived by companies as a source of competitive 

advantage because it promotes the development of innovations that better meet the consumer 

demand. However, playing as a green company requires the development of new approaches 

that involve the entire firm and all the managerial skills operating in the value-chain, to 

introduce technological innovations as well as business, organizational and design solutions 

leading to an effective and efficient use of natural, financial and social resources (Hart and 

Milstein, 2003; Davenport, 2013). 

With reference to the design, innovations could be very important to decrease the 

environmental impact, acting both on the product and process innovation. With this respect, 

the concept of eco-design is increasingly widespread, particularly in the wood and furniture 

industry (Mirabella et al., 2014; Landeta-Manzano et al., 2016). It concerns the product 

innovation and implies the continuous search for innovative solutions that limit industrial 

waste and improve the use of cleaner materials in all stages of the value creation process 

(Karlsson and Luttropp, 2006). 

Even if the development of eco-sustainable products certainly meet the emerging trends of the 

consumers for environmental and personal safety, the success of green companies depends 

largely on the way they communicate eco-sustainable products to the market. Communication 

strategies may include the use of environmental claims, brands, labels, standards and social 

and environmental reports. All these instruments should be accurate and verifiable. Moreover, 

a sustainable communication should be developed not occasionally, but in a continuous way, 

in order to be a clear expression of the company’s long-term sustainable commitment 

(Lofthouse, 2006; Persico and Rossi, 2016). 

This paper tries to provide further understanding about the communication strategies of 

sustainable products, by focusing on environmental standards. It uses the case-study method 

(Yin, 2013) applied to an Italian company operating in the furniture sector. Exploring a 

furniture firm is particularly interesting in this study given its recognized attention to the 

environmental safety, and its high attention to the design. Moreover, within this sector, there 

are also several environmental standards that can be used. 

The rest of the paper is structured as follows. Next section introduces the theoretical 

background of the study, investigating the emerging green behaviours occurring both in the 

demand and the supply side of the market. Moreover, it focuses on the furniture sector, 

underling the central role of eco-design innovations. At the end of this section, the role of 

environmental standards as communication tools is discussed in the light of existing literature 

and the research question of the work is therefore proposed. The third section depicts the 

research method, while the fourth section describes the findings emerging from the case-study 

analysis. The last section of the paper discusses the main results and highlights the limitations 

of the study, thus suggesting future research directions. 

 

THEORETICAL BACKGROUND 

The sustainable-citizen: emerging trends in the consumption patters  

In the contemporary society, consumption plays an increasingly important role in everyday 

life of individuals, since it provides functional satisfaction as well as social and cultural 

implications which help to define the personal identity of each consumer (Gabriel and Lang, 

2015). 
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Consumption is a language that speaks in terms of individuality and values, and the term 

consume can no longer be tied to the simple use of a product in view of the personal needs’ 

satisfaction, but broadens its potential, becoming itself an autonomous act. 

Given the importance of consumption for the individuals’ life and self expression, 

understanding how the consumers’ patterns are changing over the time is always relevant and 

the marketing literature has deserved ever great attention to this topic (De Vries, 2008; 

Solomon et al., 2012).  

Recent studies reveal that, in the last decades, the compulsive consumerism has given way to 

a growing conscious and responsible behaviour: today consumers are well informed, critical 

and selective (Kumar, 2009; Fabris, 2010). They have acquired greater awareness compared 

to the past, thus showing new lifestyles, needs and desires. 

Postmodern consumers act wisely in their purchases; they tend to avoid waste, make effective 

use of products, and reduce domestic stocks. Purchases are more intensive during the sales 

periods, and attitude toward store-switching is increasingly frequent as individuals need to 

compare prices and goods before choosing (Kumar, 2009).  

Current consumers are also unpredictable and less loyal to product brands, while they are 

giving increasing importance to other intangible attributes of the consumption, such as time 

and experience (Johnson et al., 2001; Verhoef et al., 2009).  

Hence, the hierarchy of needs is deeply changed: people tend to consume much less than in 

the past, without giving up the quality of products and their ethical and social significance. 

Individuals are increasingly involved in saving their health and freedom of choice, as well the 

society and natual environment where they live. The emerging consumption approach is 

characterized by frugal lifestyles and growing attention toward the natural cycles of the 

resources that the earth provides (Haanpää, 2007). 

In this context, the consumer can be defined as critical and sustainable, environmentally 

responsible, waste disapproving and, above all, aware of all the consequences that his/her 

consumption choices can generate (Kumar, 2009; Fabris, 2010). The demand for convenient, 

healthy and safe products has rapidly improved (Gray et al., 2003; Rezai et al., 2012). For 

instance, consumers are increasingly interested in functional foods, that are “healthy or herbal 

types of food which have medicinal properties that can prevent or cure some diseases” (Rezai 

et al., 2012). These foods are considered as vital for growth and development, as well as for 

disease prevention (Gray et al., 2003), thus they meet the consumers’ desire to improve their 

quality of life, in terms of longevity and added performances (Lawrence and Germov, 2004; 

Kotilainen et al., 2006). The increasing attention toward environmental protection (Vermeir 

and Verbeke, 2006; Ellen et al., 2006) also enhances the consumption of products 

incorporating sustainability attributes (Kletzan et al., 2006; De Boer et al., 2006), such as 

organic, fair trade, animal friendly or local products (Crane, 2001; Sharfie and Rennie, 2009; 

Fischer et al., 2012). 

Several authors call the new consumer as a “sustainable citizen”, environmentally conscious, 

responsible for his/her choices and always well informed (Burgess et al., 1998; Dobson, 2007; 

Spaargaren and Oosterveer, 2010). This means that the “consumer-customer” tends to give 

way to the “consumer-citizen” who pays attention not only to the value for money but to the 

way the product has been produced and distributed (Spaargaren and Oosterveer, 2010). 

Before choosing a product, in fact, people are paying increasingly attention to the use of raw 

materials, to the company’s respect of human rights and working conditions, and to 

alterations that manufacturing processes and waste disposal can provide to the natural balance 

of environmental resources. 
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Firms’ sustainability and the development of new business models 

The increasing demand for environmental-saving and sustainable products rises new 

competitive challenges to businesses (Luo and Bhattacharya, 2006). Consumers must be able 

to find products fitting their acquired sensitivity toward sustainability and environmental 

issues. Thus, firms’ competitiveness increasingly depends on their ability to offer safe 

products, which respect the social and environmental legitimacy (Mueller et al., 2009). This 

implies a transition towards the use of new technologies and the development of new 

strategies and managerial approaches concerning both the creation and distribution of value. 

Attempts to reduce CO2 emissions and the adoption of any measure aimed at reducing wastes 

and scraps are involved in such changes. This means a continuous search for efficiency in the 

use of resources, from the design up to the stage of product delivering. Other changes can 

involve activities such as the waste collection, the use of non-renewable resources, the reuse 

of the goods at the end of their life-cycle, the protection of biodiversity, the adoption of 

renewable energies and the promotion of local productions, biological crops and non-

polluting farms (Breslow et al., 2016; Hicks et al., 2016).  

Extant studies highlight the need for the development of new industrial policies covering the 

agricultural sector (Lasier et al., 2016) as well as other industries, such as energy, chemistry, 

engineering, transport, nanotechnology, and manufacturing (Chrun et al., 2016; Kennedy and 

Whiteman, 2014). Within these industries, firms have to be increasingly advanced in making 

sustainable and environmental-saving products, services and processes in order to preserve 

the nature and to improve the social wellbeing of humans. 

The last GreenItaly Report (Symbola, 2016) shows that more than 26% of Italian firms has 

invested in green products and technologies from 2010 up to 2016. In the manufacturing 

sector, that number rises to 32%, showing a stronger growth than in the past. In 2015, the 

companies that have done this type of investment were 120 thousand, 36% more than the 

previous year. The green, currently, produces an added value of about 102 billion euro every 

year, a large proportion of the Gross Domestic Product (GDP). These results - coming mainly 

from construction (31.1%), agriculture (19%), industry (12%) and services (7.3%) - bring 

highly relevant phenomena: for level of green employment, environmental and waste 

management capacity and reducing emissions, Italy is now at the top of all the European 

charts, surpassing, in many situations, virtuous countries such as France and Germany. 

The dynamism of Italian companies is associated with positive results in foreign markets. 

Green businesses export out of Italy in 18.9% of cases, compared with 10.7% of other 

countries. Especially, they tend to have a greater presence in non-European markets, such as 

India, China, South Africa and Saudi Arabia. Also the employment index is positively 

affected by the firms’ green investments. The production system reveals a level of green 

employment much higher than other countries. The 51% of small and medium-sized Italian 

companies has at least one green job, more than in the UK (37%), France (32%) and Germany 

(29%). Similar findings concern the environmental performances. The Eurostat data for 2015 

estimated that Italian companies, with 337 kg of raw materials per million of euros, not only 

do much better than the EU average (497 kg), but are placed second among those of major EU 

economies after the UK (293 kg), ahead of France (369 Kg), Spain (373 Kg) and well ahead 

of Germany (461 Kg). Positive trends emerge also for energy saving (Italy is second among 

the major European players, behind the UK), waste reduction (with 39 tons per million of 

euros, Italy is the most efficient in Europe), and decrease of atmospheric emissions (Italy is 

second among the five major EU economies with 113 tons of CO2). 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 

 

 

-1675- 

All this suggests that investing in sustainability and environmental-saving solutions is 

becoming an important source of competitiveness for enterprises, in terms of 

internationalization, occupation, turnover and, above all, innovation. In 2015, 22.2% of the 

firms that made such investments introduced product innovations, against 11.4% of firms not 

investing in this field. Notably, in the manufacturing industry, the propensity to innovate is 

even higher, achieving a value of 33.1% (Symbola, 2016). In this respect, environmental 

preservation and sustainable development can be considered both as a constraint for firms’ 

competitiveness and a driving force of innovation (Faucheux and Nicolai, 2009). 

 

Sustainable innovation and eco-design in the furniture sector 

To be sustainable, innovation should fit the market demand as well as the economic growth, 

involving different business fields, such as logistics, manufacturing, procurement, as well as 

the development of new products. It should take into account the entire value creation process 

and all the product’s features, to introduce innovations that will ensure effective and efficient 

use of natural, financial and social resources (Hart and Milstein, 2003; Davenport, 2013). 

By considering that, design-related innovations could be particularly relevant. The word 

design refers not only to a stylistic tendency or to a specific object representing the product of 

creation. It is the activity of creation itself, i.e., a process including a “set of thought-filled 

events and procedures that lead to the creation of that which is being designed” (Miller, 

2005). Therefore, design innovation moves from initial concept to a completed product and, 

specifically, the “eco-design” innovation integrates sustainability and environmental aspects 

from the earliest stages of the product development. Synonyms for eco-design include green 

design, design for X (e.g. waste reduction) and dematerialization (i.e., reducing the amount of 

waste generated per industrial product, as defined by Herman et al., 1990). Anyway, eco-

design takes into consideration the sustainability issues at early stages of the product 

innovation process, thus minimizing environmental impacts right from the start (Karlsson and 

Luttropp, 2006). 

A large number of eco-design tools have been developed over the time, as a result of interest 

in the area. Based on previous studies, Bocken and colleagues (2014) classified the eco-

design tools as guideline, evaluative, comparative, trade-off and eco-ideation tools. All these 

aim at promoting a dynamic and holistic approach to sustainable innovation (Thomas, 2008) 

that goes beyond the mere reduction of environmental impact of the product, driving the 

company’s strategy towards the interaction between scientific discovery, technological 

application, good design and social impact. 

Eco-design innovation concerns a number of sectors and companies often driven by increased 

competition (Charter, 2016), among which the furniture industry, where firms are increasingly 

committed to improving their environmental performances (Bovea and Vidal, 2004; 

González-García et al., 2012). Within this context, the eco-design innovations can concern the 

products’ ergonomics, their aesthetics, as well as their social impact and overall sustainability. 

Eco-design, in fact, can interest the reduction of energy and raw materials’ use, the adoption 

of renewable energies, the extension of the products’ life cycle, the development of goods 

easier to maintain, repair or reuse over time. It involves every level of the supply chain. 

Starting from raw materials, eco-design encourages a sustainable forest management, taking 

care to the lands’ biodiversity, productivity and regeneration capacity, and the prevention of 

illegal wood cutting. In designing and conceptualizing new products, eco-design advocates 

for saving raw materials by creating, for example, furnishing objects whose components are 

readily separable at the time of their disposal (to this end, it could be helpful to use removable 
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fasteners, such as screws or frames, instead of glues). In addition, the use of raw materials 

easier to recycle than wood - such as aluminum and glass - is recommended. In the production 

phases, eco-design recommends the increasing use of water paints, in place of chemical ones, 

to improve the workplace’s healthiness and reduce emissions into the atmosphere. Therefore, 

investments in new machinery performing water-painting processes are also advocated. 

During the assembly and finishing of the product, eco-design invites to use machinery with 

high-energy efficiency as well as glues containing no-toxic elements. It also promotes the re-

use of production waste both to save the amount of raw materials used and to stock the central 

heating systems, thus supporting the energy requirements. Finally, concerning the distribution 

phase of the product, eco-design suggests to optimize the storage of goods, to enable a better 

use of spaces and to reduce the number of trips, and therefore the fuel consumption and 

related emissions. 

 

How to communicate sustainability and eco-design. The role of environmental standards 

Extant literature reveals that eco-design strategies can provide several benefits to enterprises, 

both in terms of image and product quality (Knight and Jenkins, 2009; Plouffe et al., 2011; 

Santolaria et al., 2011). Nonetheless, previous results were not always positive in terms of 

costs and exploitation of new business opportunities. 

The success of eco-design innovations, in fact, depends on several conditions (Johansson, 

2002; Knight and Jenkins, 2009). 

First, a cultural development is required, among both companies and consumers, to improve 

the overall awareness that each material has the ability to be reused, becoming a resource for 

other production cycles. A refusal, in fact, does not necessarily represent a material with 

chemical-physical characteristics altered, yet it is often a product that no longer meets the 

consumers’ needs. Moreover, the success of eco-design innovation also depends on the firm’s 

ability to develop a product that can be easily recycled at the end of its life cycle, generating 

the maximum amount of reusable material and the minimum amount of mixed waste.  

Overall, the success of eco-design innovations requires a company’s effort to develop a 

professional communication strategy with all the consumers and stakeholders (Lippmann, 

1999; Pascual et al., 2003; Lofthouse, 2006). Communication strategies should be aimed at 

promoting not only the firm’s products or brands, but also its entire sustainable approach. The 

consumer-citizens are no longer individuals that have to be convinced, but people well 

informed and interactive who have changed the communication’s rules: they ask for a clear 

language and a continuous dialogue with the firms. The value perception of a product is 

increasingly associated with the social and environmental company’s profile. Thus, 

communication strategies should be planned to inform consumers about the firm’s sustainable 

orientation, alongside the product/brand’s attributes, using accurate and truthful claims and 

messages. Communication, in other words, should harmonize the social, environmental and 

market image of both the company and its products or services. At the same time, it should be 

aimed at educating the public, in addition to provide specific information about the 

product/firm, to improve its awareness about the importance of sustainable and 

environmental-related issues.  

All this can be synthetized by the Triple Bottom Line approach (Elkington, 2008), that 

suggests the need to find a good balance among three critical elements in developing a 

sustainable approach to communication: the achievement of economic results (profit), the 
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preservation of environmental resources (planet) and the support of social progress (people). 

This requires involvement and discussion with stakeholders, verifiability of information 

reliability, clarity and completeness of the information provided and continuity of 

communication programmes. 

Policies and tools for communicating are different and vary according to the company and the 

industry’s specificities (Persico and Rossi, 2016). These include, beyond the traditional 

activities such as advertising, the social balance and the ethical code. Also the Web 2.0 

communication provided by social networks can be critical to improve the interaction among 

stakeholders, as well as to encourage the word of mouth and the overall attention towards 

sustainability. Other tools and policies concern the participation of the company to workshops 

and conferences promoting healthy, environmentally or safe-related issues. Similarly, local or 

international fairs should be “sustainable communication places” where companies can meet 

customers and talk with them about their sustainable approach. 

Besides establishing specific marketing strategies, the use of instruments like environmental 

standards and labels could be critical for communicating the overall sustainable and eco-

design approach of the company. 

In the last decades, a rising number of firms have adopted environmental standards 

concerning both processes and products, such as the International Environmental 

Management System Standard ISO 14001 and organic certification (Delmas and Montes-

Sancho, 2011). Environmental standards have been proposed as an innovative governance 

mechanism for improving the firms’ environmental and financial performances (e.g., Darnall 

et al., 2000; Nakamura et al., 2001; Barla, 2007; Aerts et al., 2008; Delmas and Montiel, 

2009). They have the potential to reduce risks related to environmental compliance (Delmas, 

2001; Grolleau et al., 2007) and decrease insurance costs (Barla, 2007). Moreover, they can 

help the firm to improve efficiency, by establishing new information systems which can 

induce the redesign of production processes (Christmann, 2000), trigger innovation, and 

improve technologies that will positively affect the firm’s competitiveness (Shrivastava, 

1995). 

Nevertheless, to the author’s knowledge, there is very little empirical evidence to support the 

hypothesis that environmental standards also represent strategic communication tools, and no 

evidence has been found specifically related to the furniture sector.  

Previous research investigated the environmental standards as communication tools making 

reference to specific issues or firms’ contexts. Truffer et al. (2001), for example, focused on 

the electricity sector while others (e.g., Daily and Huang, 2001; Govindarajulu and Daily, 

2004; Delmas and Pekovic, 2013) underlined the role of environmental standards to improve 

the firm’s internal communication and thus the employs’ commitment and productivity. 

Research also highlighted that environmental standards can enhance corporate reputation 

(e.g., Konar and Cohen, 2001) and provide access to environmentally oriented consumers 

(Nakamura et al., 2001; Anton et al., 2004; Delmas and Montiel, 2009). This suggests the 

potential role of these standards as communication tools, however how they are exactly 

perceived and used in the overall communication strategy of firms still remains unclear.  

In this paper, we argue that environmental standard can play a critical role for implementing 

an effective marketing communication strategy, especially with regards to the furniture sector, 

where environmental certifications are particularly numerous and widely adopted. 
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METHODOLOGY 

The research method for this study is based on the qualitative case-study approach. This aims 

to understand the dynamics occurring within single settings (Eisenhardt, 1989). It typically 

combines multiple data collection techniques such as archives, interviews, questionnaires, and 

observations, thus supporting in-depth descriptions of the phenomenon observed (Gronhaug 

and Olson, 1999) that provide an intimate understanding of the research topic, both in a 

contextual and historical dimension (Yin, 2013). 

Case studies can be used to accomplish various purposes: to provide description (e.g., Kidder, 

1982), test theory (e.g., Pinfield, 1986), or generate theory (e.g., Gersick, 1988). In the present 

study, it was adopted mainly for theory generation, given the lack of empirical evidences 

concerning the investigation of environmental standards as tools for implementing an 

effective overall communication strategy. Actually, the case study method has been widely 

recognized as the most appropriate for an exploratory theory building approach (Eisenhardt, 

1989; Perry, 1998; Strauss and Corbin, 1998; Yin, 2013). 

As concerning the firm’s selection, literature suggests that the cases may be chosen to 

replicate previous cases or extend emergent theory, or they may be chosen to fill theoretical 

categories and provide examples of polar types (Eisenhardt, 1989). As noted by Eisenhardt 

(1989) and Yin (2013), given the limited number of cases that can usually be studied, it makes 

sense to choose cases such as extreme situations and polar types in which the process of 

interest is “transparently observable”. Hence, it was chosen Moretti Compact, because it has a 

clear environmental orientation and adopts multiple environmental standards concerning both 

the environmental management and the furniture it produces. Furthermore, Moretti Compact 

is a famous Italian company that is well note worldwide in the furniture sector and it 

represents a worthy example of successful mid-sized firm. This provides the opportunity to 

identify best practices that could be generalized to other firms operating in similar contexts. 

The empirical study has been carried out by face-to-face interviews to the Moretti Compact’s 

CEO. Two interviews were performed, each lasting one hour and a half, using an open-ended 

questionnaire divided into three sections aimed at investigating: (i) the company’s profile, its 

product and market portfolio and its positioning strategy, (ii) the company’s approach towards 

sustainability and environmental issues and the adoption of environmental standards, (iii) the 

communication strategy of the company and the use of environmental standards for 

communication purposes. 

The empirical research has been also supported by a review of the company’s archival 

documentations and publications (financial statements, press releases, etc.) that are 

electronically and papery available. The use and integrations of different information sources 

has permitted to develop an in-depth analysis of Moretti Compact, supporting both a 

descriptive and inductive investigation of the firm (Bonoma and Wong, 1985). 

 

RESULTS OF THE ANALYSIS 

The company profile 

Moretti Compact is an Italian company (located in the Marche Region) that was found in the 

early 70’s, developing bedrooms and living rooms mainly for foreign markets. 

In the mid-70s, anticipating the evolution of the domestic market, the production was oriented 

exclusively towards the children bedrooms sector. After about a decade, the company 

explored new market segments by studying and implementing advanced solutions 
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incorporating new technologies and innovative design typical of that period. In the early 90’s, 

after coaching in the company the founder’s successors and other external skills, Moretti 

Compact developed furniture solutions increasingly innovative, that combine design and 

functionality. 

The current production complies with international safety standards and joins the company’s 

technological and IT (Information Technologies) development, thus providing contemporary 

furniture concepts that makes Moretti Compact as a leading company in the furniture industry 

for children and teens. 

Currently, the company has nine production plants, divided into nineteen units, covering a 

total manufacturing and exhibition area of over 48,700 square meters. It has overall 200 

employees and works both in Italy and worldwide with own stores and authorized dealers. 

 

Sustainable orientation and the adoption of environmental standards in Moretti 

Compact 

Moretti Compact produces bedrooms for children and teens, and furniture for living rooms, 

such as cabinets and bookcases. It is particularly specialized in the production of innovative 

bedrooms designed to be tailored spaces where people can dream, play and stay with friends 

thanks to a combination of multiple flexible items. 

The company aims to be a lifestyle choice for those looking for quality, safety, health, 

environmental sustainability and made in Italy. 

Each design project rises from a reflection about the potential purpose for which the product 

could be purchased, looking beyond its most obvious uses. This drives creativity and 

innovation in Moretti Compact and fits its green culture, thus enhancing the development of 

bedrooms and other furnishings that are safe spaces, easily to transform from play areas to 

rooms for studies and relaxation. 

Innovation and sustainability represent the main drivers of competitiveness for the company. 

It is always looking for modular solutions, cheerful and pleasant to live, capable of 

concentrating in small spaces the multiple functions of bedrooms and other furniture. 

In terms of sustainability, Moretti Compact is recognized among the Italian excellent firms. 

Producing furniture for younger generations means to be responsible for their choices and 

always ready to look for the best. It means to be innovative, willing to improve the production 

standards and to find always new solutions. The sustainable orientation of the company looks 

at eco-design innovations as an essential driver for survival and development. The company, 

in fact, aims at incorporating safety and environmental-saving not only in the new products 

but in all the supply chain, by involving internal and external stakeholders. That’s why 

Moretti Compact has decided to submit its production to strict controls, concerning the 

environmental management as well as the process and product management. 

With respect to environmental management, Moretti Compact acts in compliance with the 

international standard UNI EN ISO 14001:2015 and is evaluated according to the requirement 

of Accredia RT-09 (fast revision) for the following activities: design and manufacture of 

bedroom furniture for children and teenagers for the stages of cutting, edging, drilling, 

sanding, moulding, varnishing, assembly, packaging and dispatching. 

This standard - internationally accepted - defines how to provide for an effective 

environmental management system. It is designed to address the delicate balance between 
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maintaining profitability and reducing environmental impact. The standard supposes that the 

continuous improvement, on which the environmental management system is based, brings to 

the improvement of global environmental performances and increases the overall efficiency of 

the enterprise or institution. ISO 14001 represents the most common voluntary instrument of 

environmental management and its respect confirms the company’s interest in ensuring 

environmental saving and eco-sustainability, by controlling the causes and environmental-

related effects of each business activity. 

Besides ISO 14001, Moretti Compact act in compliance with the international standard BS 

OHSAS 18001:2007 which provides a responsible risk control, steadily aimed at increasing 

the safety and health of people at work. 

The environmental commitment of the company is also proved by its energy-saving efforts. The 

installation of six photovoltaic plants for the production of renewable energy, equal to 

1,800,000 kw/h, has contributed around 60% to the company's energy needs and provided 

annual savings of approximately 700 tons of CO2. The exploitation of renewable energy is of 

great importance for the climate and environment protection. Consequently, Moretti Compact is 

planning to realize additional photovoltaic systems in the next years. Moreover, in 2016, it 

opened a new biomass cogeneration plant to produce electric and thermal energy through 

gasification of wood chips. Reducing waste and using innovative technologies for transforming 

energy more efficiently are increasingly involving the company. Hence, it became part of the 

Leaf Community, the first totally sustainable community created by the Loccioni Group. The 

Leaf Community is a model for industrial innovation excellence studied in various universities, 

even abroad. It includes the most important Italian companies who share the dream of a 

sustainable world and, together, are committed to make it happens. The Leaf Community 

measures the companies’ commitment to sustainability using the Leaf Meter, which collects 

real-time data related to production plants from renewable sources. Until now, the values found 

in Moretti Compact allow to distinguish it in the national context, placing the company among 

the best for its eco-innovative practices.  

As concerning the process and product management, several environmental standards have 

been introduced inside the company to certificate the sustainable quality of its furniture. 

First, Moretti Compact has chosen to use the low-emission panels called Low Emission Board 

(LEB), made from 100% recycled wood which is in compliance with the Forest Stewardship 

Council (FSC) standard. It means that to realize the ecological panel no tree has been cut 

down. Moreover, LEB panels are characterized by a very low formaldehyde emission, equal 

to 0.3 mg/litre that is five times lower than the E1 panel’s level of emission. Emission control 

is performed constantly, also before each panel’s manufacturing, to ensure full compliance 

with the quality standards of the entire production. It is a revolutionary and technologically 

innovative panel because it assures a very high environmental and healthy safety level. 

Notably, the LEB panel reduces pollution in enclosed environments, contributes to the 

preservation of forests, and reduces the waste and greenhouse gas emissions. Thus, the 

adoption of ecological panels reveals the company’s commitment to address a perfect balance 

between environmental protection and care for the consumer’s health. 

During the manufacturing process, Moretti Compact also uses only water-based paints. These 

are diluted not with chemical solvents, but only with water, thus preserving the environment 

and the workers and consumers’ health. In fact, the single-component water paints used by 

Moretti Compact reduce the emission of dangerous substances in the atmosphere up to 95%, 

compared to the traditional solvent-based paints. Moreover, they are fully compliant with the 

EN 71.3 standard relating to the use of paints on toys or materials that can occasionally come 
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into contact with the mouth of children. The EN 71.3 standard requires that the concentration of 

dangerous substances (such as lead, chromium, mercury, cadmium, arsenic) - usually present in 

all paints - is extremely low, well below the levels considered toxic. The paints used by Moretti 

Compact have percentages of heavy metals so low that, normally, are below the threshold of 

detectability. At the end of the painting process, the application of a UV protective layer on flat 

surfaces ensures excellent resistance against abrasion, while other additives create a hygienic 

barrier and preserve surfaces from bacterial growth. In this way, the use of water-based paints 

allows the company to combine quality, aesthetics, and durability of the furniture over time. 

The eco-design approach requires the company to pay attention not only to the use of raw 

materials, but involves all the value creation process, by considering also the way the product 

is consumed and the length of its life cycle. That’s way Moretti Compact submits all its 

products to a strict control procedure before selling them, to verify their safety according to 

the Italian, European and international evaluations of “risk assessment” required by the Italian 

Institute of Toy Safety. 

The Moretti Compact products also have a basic warranty of two years, extendable to ten 

years by completing the appropriate coupon attached to the products. This is to confirm the 

quality, safety and innovative performances of the product. 

Finally, the company uses high-quality metal ware, using hinges and guides drawers with 

slow closing cushioned (tested and guaranteed for 80,000 cycles of opening). In this way, the 

closing movement becomes silent and, above all, safe. 

All the above certifications and environmental standards attest the Moretti Compact’s 

approach towards environmental saving and sustainable development, making it one of the 

most innovative and proactive company of the Italian furniture industry. 

 

The communication strategy and the use of environmental standard as 

communication tools 

The Moretti Compact's commitment towards sustainability and environmental protection has 

changed its marketing strategy over the years. 

In the early stage of its development, the main objective of the company was to sell and 

develop new products to meet the demand of foreign markets. During the mid-70s, Moretti 

Compact has decided to focus its core business on the production of bedrooms for children 

and teens. The sales-oriented approach has slowly given way to a market and customer-

oriented approach, based on the continuous search for innovative and high quality solutions 

meeting the consumer's desire to buy furniture that are aesthetically attractive, customized 

according to their specific needs, durable and, above all, safe. Innovation was thus 

increasingly focused to meet the market’s demand for both functionality and aesthetics and 

long-term sustainability. 

Today, these attributes distinguish the Moretti Compact products within the furniture 

industry, and make the difference, worldwide, for high quality and Italian design. Notably, the 

company acts according to Functional System IT01 - 100% Original Italian Quality. It means 

that all the products are conceived, designed and manufactured entirely in Italy, using 

excellent Italian skills and advanced technologies.  

Qualitative and environmental standards are used by Moretti Compact both to improve the  

product’s performance and as a means of marketing and communication tools aimed at 

strengthening the market positioning and its differentiation. The communication strategy of 
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the company, in fact, does not seek to persuade and convey the consumer that its furniture is 

better than others. Rather, it focuses on the enhanced performances of the product - and of the 

firm consequently - in terms of safety and sustainability. 

This approach has been widely spread in many industries: from mechanical to electric and 

electronic, from pharmaceutical to food. However, it can be considered as innovative in the 

wood and furniture sector, in terms of communication and marketing policies as well as in 

terms of organizational and business models, since it implies the development and 

management of relationships with several external partners such as laboratories and 

technology centres specialized in the wood and furniture sector. 

The traditional communication focused on aesthetic attributes and price of the furniture has, 

therefore, given way to a more sophisticated communication approach aimed at enhancing the 

quality performances of the product as well as its safety, sustainability and environmental 

friendliness attributes. 

Some traditional tools continue to be employed by Moretti Compact. Among them, there are 

the website, the company’s attendance at local and international fairs, advertising on radio 

and TV. What has changed is the content of the communication. Using environmental and 

other quality standards, the company provides messages that are less promotional and more 

consistent with the concept of sustainability. The website, for example, has been updated to 

make it more dynamic and interactive, as the postmodern consumer wants to be well informed 

and likes to participate in the creation of contents. Moreover, contents have been added in the 

website concerning the certification labels of the company. Moretti Compact has improved its 

presence on social networks, where often fosters debates on social and environmental-related 

issues. Recently, it has spread through the main social networks a comic strip, which explains 

the features and performances of the children’s rooms as well as the main issues related to 

excessive dangerous substances’ emissions. Still, specific advices on the maintenance and 

cleaning of furniture are delivered to the customer, via leaflets, brochures and during the 

direct sale, to ensure proper use of the product and maintain its life as long as possible. 

To sum up, the use of certifications as a communication tool has contributed to strengthen the 

sustainable image of Moretti Compact in the market. At the same time, it has improved the 

company’s need to implement continuous controls on processes and products, and to provide 

the highest clarity and transparency to the consumer about its approach towards quality and 

sustainability. 

 

Discussion of results and future sustainable activities in Moretti Compact  

Moretti Compact has pursuit an innovative strategy acting in compliance with several quality 

and environmental standards. It uses LEB panels derived from re-cycled wood, water paints 

that reduce the emission of dangerous materials. Moreover, it respects international standards 

in terms of environmental management. All this qualifies Moretti Compact as a proactive and 

eco-innovative company in the furniture sector, whose management believes in sustainability 

as a source of both competitive advantage and environmental and social safety. 

It is worthy to note that in the furniture sector there are no environmental standards required 

by law. However, there are a number of national and international certifications that are very 

important for companies and consumers to recognize the qualitative value of both processes 

and products. Moretti Compact has shown great inclination toward the use of these standards, 

because it recognizes that environmental quality is accessible not only by legal regulations. 

Rather, it requires a spontaneous and voluntary commitment of the company that should 
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believe in both social and commercial opportunities coming from the adoption of such 

certifications. 

Moretti Compact considers environmental standards as an accelerator of competitiveness, a 

catalyst for the business performances’ improvement, having a positive impact on the 

management of relationships with businesses and society and on the overall consumer 

satisfaction. The investment in environmental certifications, in fact, has contributed to 

improve the company’s attention toward customers’ needs, thus strengthening its innovative 

tension and its capability to incorporate in their furniture the emerging social values and 

lifestyles. 

These findings, resulting from the case-study analysis, are in line with those observed by 

Alma Laboris (2014), related to Italian firms acting in the key-industries of Made in Italy 

(Automation, Clothing, Furniture, Food) equipped with environmental certifications. During 

the period 2009-2013, these companies had an average increase in turnover of 3.5%, 

compared to 2% of non-certified ones. As for employment, the certified enterprises had a 

growth of employees by 4%, while non-certified companies had an increase of 0.2%. By 

considering the company sizes, smaller businesses get more advantages. SMEs (up to 50 

employees) with environmental certifications recorded a spread of 4 points in turnover 

(against 1.1 in average for medium firms, and 0.6 points for large firms) and by 1.2 points in 

employment (compared with 0.6 and 0.7 points related to medium and large companies 

respectively). 

Although exports represent one of the main reasons why businesses choose to be certified, in 

the case of Moretti Compact this factor has not been seen as a driving force. Rather, the main 

reason that led the company towards certification has been, and continues to be, the desire to 

offer high quality products that are environmentally friendly and meet the sustainable needs 

of the consumer. 

After discussing how and why environmental standards are actually used in the company, the 

manager interviewed was also asked about the future perspectives and possible limitations 

concerning the standards’ adoption within Moretti Compact. The company will continue its 

path undertaken on certification, involving a growing number of stakeholders. Notably, in the 

near future, it aims to further rationalize the supply network, operating exclusively with wood 

suppliers who act in compliance with international standards of forest management (i.e., FSC: 

Forest Stewardship Council and PEFC: Programme for the Endorsement of Forest 

Certification).  

Moreover, Moretti Compact, through the extensive use of environmental certification, aims to 

improve the knowledge and awareness about environmental issues and sustainability among 

all actors involved in the furniture industry, including the final consumer. The CEO 

interviewed is rather worried about the general lack of awareness of the social and 

commercial opportunities of certifications among both businesses and consumers. 

Many partners of the company have poor and inadequate knowledge of environmental 

certifications, due to multiple reasons (limited resources, lack of organizational structures or 

adequate professional skills...), including the recognized inability of several certification 

agencies to communicate the true scope of the standards. A similar situation occurs among 

consumers. They show a growing interest in green. However, according to the company’s 

CEO, “if we ask consumers to voluntarily indicate the known environmental certifications, a 

few of them are able to give a response, or provide a correct answer, often confusing types of 

existing certifications”. In addition to these limitations, the company notes the existence of 

some deficits affecting the public action: green public procurement and bureaucratic 
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simplifications offered to the certified companies are still not enough motivations to increase 

the use of environmental standards in all sectors. 

Considering the above limitations, Moretti Compact needs to strengthen, for the future, the 

use of environmental standards in its overall corporate communication strategy to foster a 

cultural shift in thinking and action of both companies and consumers. The web, and in 

particular the social networks, will be certainly privileged as communication media, 

especially to intercept younger consumers. Tools like Facebook and Twitter will be reinforced 

to talk about everyday sustainable behaviours, thus trying to attract new fans and to increase 

the individuals’ brand loyalty. Similarly, the company intends to increase its presence and 

visibility within environmentally-related and cultural events, as well as its attendance to 

specialized fairs, such as the national fair “Do the right thing”, dedicated to the critical 

consumption and sustainable lifestyle, or the international fairs “Biofach-Vivaness” on 

organic food and natural cosmetics and “Sana”, focused on organic and natural goods. 

 

CONCLUSIONS, LIMITS AND FUTURE RESEARCH DIRECTIONS 

The modern consumption patterns can be placed between a traditional and a multi-style 

behavior, often varied and chaotic. The recent economic crisis further strengthened the 

development of an attitude of “smart austerity”, which is characterized by (Ancc-Coop, 

2015):  

- simplicity and selectivity: consumers needs to simplify their purchases, putting attention 

on the functional attributes of products in addition to symbolic ones; 

- attention to low cost: saving is not seen as a sacrifice. The consumer asks for affordable 

products while maintaining high levels of satisfaction. This requires commitment and 

creativity; 

- resistance: individuals tolerate less and less exaggerations, and leverage the web to learn 

about the products’ attributes they need to purchase. 

Thus, today people appear very savvy and sophisticated. They show a more conscious 

behavior than in the past, asking for health and safe goods, which respect environment and 

animals ad take care of their short and long-term personal well being. As noted by Brown et 

al. (2000) with regard to the food sector, even as children, consumers are able in getting what 

they want, so assuming a critical role of vehicle, communicator and negotiator. 

Changes of the consumption patterns go together with those involving the climate and 

resource efficiency, thus reducing the companies’ ability to compete through automation 

strategies and low costs. To face the above trends, companies have to focus on factors such as 

product’s performance, assistance and customization, services, as well as safety and 

sustainability. Integrated approaches aimed at producing more innovative solutions whilst 

reducing both the carbon and resource intensity of products, services and systems will 

increasingly emerge (Charter, 2016). 

A number of companies are shifting their mindset from a focus on supporting incremental 

innovations to approaches that stimulate more radical and systemic eco-innovations. 

Among these, Moretti Compact has decided to focus all its efforts on quality, meaning as the 

result of safety, ecology and design.  

The current and future behavior of Moretti Compact suggest at least two interesting practical 

implications. First, to implement an effective green approach, the firm must establish a 

network of collaborators attentive to the environmental and sustainability issues. All actors in 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 

 

 

-1685- 

the supply chain should be certified and, in any case, should share the goals of sustainability. 

Second, despite the social and commercial opportunities related to the use of environmental 

standards, much has to be done to improve the general awareness among businesses and 

consumers about such potential advantages. Measures aimed at improving the overall 

knowledge of certifications are needed. Moreover, the case-study suggests the need to 

enhance the skills of certification agencies, strengthen the public commitment and even 

improve the existing environmental certification standards, also creating new labels 

specifically dedicated to different industries. Only in this way, environmental certifications 

can aspire to a greater spread, becoming a structural factor in the qualitative growth of the 

productive system of each country. 

Despite the limitations of the present study, mainly linked to the case-study method that 

usually limits the generalizability of the research findings, our analysis confirms the 

importance of sustainable strategies in the context of the furniture sector and shows the 

prevalent use of environmental certifications as communication tools. As emerged in Moretti 

Compact, this allows the company to ensure the consumer about the quality of its products 

and to support the general effort of the firm to communicate the differential characteristics of 

its products, highlighting their higher value compared to the low-cost productions coming 

from emerging countries. 

Future research will be developed to test the generalizability of the present findings by 

carrying out a quantitative analysis on a wide sample of furniture companies. Moreover, a 

comparison between Italian and foreign companies, as well as among firms operating in 

different industry contexts, could be worthy of interest in future studies. Finally, future 

research could investigate the link between the adoption of environmental standards and 

corporate performances, to better understand the organizational changes that could be 

associated with “greening” a firm. 
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ABSTRACT 

In today's global markets, issues related to environmental sustainability, ethics, working 

environment conditions and security, stakeholders’ relations and the protection of workers’ 

rights have greater importance on businesses performance. For this reason the aim of this 

research is to analyze the concept of Corporate Social Responsibility, which incorporate all 

these issues, investigating the perception of Italian companies about the International standard 

Social Accountability 8000, voluntary standard used as a tool to certify companies’ 

commitment on Corporate Social Responsibility. The main reasons which have driven 

companies to be certified has been investigated, highlighting the main benefits and limitations 

resulted from the certification. Furthermore the presence of additional social responsibility 

practices adopted by companies in the Italian context has been analyzed.  

Keywords: corporate social responsibility; SA 8000, quality, standard, ethics. 

 

INTRODUCTION 

Over the last decade increasing pressure on companies has been spread to widen their focus 

on sustainability and on accountability for financial performance as well as for business in 

general; they had to follow universally recognized standards and also communicate with the 

outside their intentions and the results obtained (Saen, 2012). The Social Accountability  8000 

(SA 8000) standard is considered a multi-stakeholder standards and the member groups 

include not only businesses, but also certified bodies, non-governmental organizations, 

academia and trade unions. The constant involvement of stakeholders in the execution of 

social responsibility practices means that it becomes very difficult for organizations to avoid 

following a standard (Stigzelius, 2009). Moreover in addition to being a necessity to answer 

to the demands and needs of stakeholders, according to Welford, Meaton and Young (2003) 

adherence to social and environmental responsibility through a standard is also a way to 

differentiate itself from other organizations. 

The survey was conducted on the total sample of Italian certified SA 8000 organizations until 

December 31st, 2015 that were 1081. All the information needed to contact companies has 

been obtained from the Social Accountability Accreditation Services database through its 

website (http://www.saasaccreditation.org/). The survey began September 15th, 2016 and 

answers have been accepted until November 15th, 2016. The administration of the survey 

took place by e-mail, when it had been possible to find an e-mail address of the company, 

while it took place by phone, in case it had not been possible to find it. 221 companies 
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participated at the survey reaching a response rate of 20.4%. The questionnaire design is the 

following: the first section defines the sample profile of companies; the second section 

investigates the motivations which led Italian companies to be SA 8000 certified, and the 

main perceived benefits and limitations of this International standard. Subsequently, section 

three investigates the corporate social commitment and finally section four their future 

commitment on social responsibility. In data processing it has been used SPSS 23.0 program, 

Statistical Package for Social Science. 

 

RESULTS AND CONCLUSIONS 

The results of the research show that the major motivations which pushed Italian companies 

to be SA 8000 certified are the improvement of image and reputation, followed by the 

improvement of the working environment and  a greater impact on customers and suppliers 

(Table 1). 

 

Table 1 - Companies’ motivations to be SA 8000 certified (five-point Likert scale) 

Mean SD 

Creation of new partnerships 2,90 1,255 

Competitive advantage over competitors 3,49 1,139 

Greater impact on customers and suppliers 3,81 0,903 

Improvement of the working environment 3,90 1,000 

Improvement of the efficiency of business management 3,54 1,093 

Improvement of the image and reputation 4,33 0,794 

Achievement of economic benefits 2,72 1,188 

Presence of incentives at regional or local level 2,27 1,193 

To be promoters of a new way of doing business 3,48 1,064 

Demand from the market 3,14 1,208 

Enterprise risk management 3,08 1,239 

Brand protection 3,04 1,266 

 

As a whole, the study shows how organizations believe that being in possession of the SA 

8000 has been positive and convenient, however, among the barriers that emerged during 

empirical analysis, the more perceived by the sample was staff training. Moreover, most of 

the companies show the willingness to broad and improve in future their actions in the field of 

corporate social responsibility. 
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ABSTRACT 

The present work aims at presenting a Vendor Rating model developed by an Italian company 

(Gamma) that produces technologically advanced components with high precision, for 

industrial milling, drilling and cutting, for a wide range of materials and manufacturing 

sectors. Through the description of Gamma case study this research has the objective of 

defining a model to improve companies’ management and quality within the supply chain. 

Keywords: supply chain management, lean supply chain, vendor rating model. 

 

INTRODUCTION 

To compete successfully in today’s challenging business environment, manufacturing 

companies ought to be able to effectively integrate internal functions within a company and 

effectively link them to the external operations of suppliers and supply chain members (Agus 

and Hajinoor, 2012). Since a key feature of present day business is the idea that it is supply 

chains that compete, not companies, and the success or failure of supply chains is ultimately 

determined in the marketplace by the end consumer (Agarwal et al., 2006), the development 

of a Vendor Rating model can be seen as a tool that allows companies to obtain a competitive 

advantage over competitors. In fact an effective vendor rating system allows the assignment 

of penalties or rewards, it identifies on which suppliers it has to address for audits and 

improvement plans, with which it is better to end the relationship or, on the contrary, to 

establish a relationship of integration and direct involvement. 

The Vendor Rating application fields can undoubtedly cross the manufacturing enterprise 

boundaries; Secchi et al., (2015) introduced it within the Store Management. The process of 

suppliers’ evaluation can take place ex ante or ex post by monitoring over time the services 

provided. The criteria used for evaluation of the store may include indicators such as 

reliability and delivery times, reliability of volumes, the purchase price and sale of products, 

support of promotional activities, the purchase conditions, and conditions for payment.  

The research has been developed with a qualitative approach, based on a longitudinal single 

case-study of Gamma, Italian company in the mechatronic sector. The case study allowed for 

examining in depth the Vendor Rating model developed, analyzing changes in company 

behavior, internal processes and relevant actors and variables (Yin, 1984). Two semi-

structured interviews have been carried out to the company’s Quality Manager in September 

23
rd

, and October 31
st
, 2016. Relevant secondary data were also used, such as company 

reports and the web site. 
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RESULTS AND CONCLUSIONS 

For the development of the Vendor Rating model, Gamma has chosen to use the following 

indicators: Non Quality Supply Index (NQSI); non-compliant codes; average days of in 

advance or late supplies; not-accurate codes (it similar to the second indicator, but it refers to 

the level of service and therefore to the days of in advance or late supplies). 

Starting from the data concerning the supplier, the four indicators were then processed and 

obtained with VLOOKUP and Microsoft Excel Pivot tables. Subsequently, the observations 

collected for each indicator and regarding the total suppliers have been organized along the 

curve of the cumulative frequencies. This has been done in order to identify clusters in the 

data and to create three classes assigned to each indicator, as it can be seen from Figure 1. A 

value of 18 not complying codes, for example, indicates a B class supplier for that given 

indicator. 

 

 

Fig. 1 - Cumulative frequencies of non-complying codes for each supplier 

The classes are compiled from observations of a month, quarter, semester or year of reference. 

Using these classes a standard for the evaluation of subsequent periods can be created. For 

each of them it is assigned a score, which added to that of the other indicators determines the 

final score of the supplier. 
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ABSTRACT 

Customer requirements form the basis of every product development project. Incomplete 

requirements and lack of involvement of customers are the main factors for the failure of a 

product at the buyer's market (Hull et al. 2011). The Quality Function Deployment (QFD) 

describes a common method for translating customer requirements into product features. For 

this purpose, the QFD provides various matrices for the prioritization and quantification of the 

requirements, through the various phases of the product development. The first customer tests 

are carried out with physical prototypes in the later phases of the PEP. These allow the 

validation of the customer requirements and the verification of the fulfillment of the customer 

requirements by the product characteristics (Rupp 2014). This occurs at a time when the 

influence on the product to be developed becomes smaller. Virtual product presentations 

provide an opportunity to simulate the first findings about the product characteristics and 

functions early in the product development process. Due to the functional support, the virtual 

prototypes allow a real-time interaction by the test persons. Thus, it becomes possible that 

digital images of products can be interactively experienced. Operating units of technical 

devices and their operating concepts can be analyzed early on their intuitive use. Product 

features of virtual prototypes can be analyzed in a highly immersive stereoscopic virtual 

space. The generated virtual prototypes could query the actual areas of interest of the 

customer in connection with an eye-tracking system.  

It is unclear whether the various visual perceptions of the prototypes differ between the virtual 

and the real world and thus unsatisfactory validation results can occur. A study already 

planned by the department will reveal possible differences in perceptions. Two-dimensional 

(2D) monocular eye trackers already allow to analyze the focus of attention and the 

perception of the customer (Duchowski 2007). By measuring the fixation points (particular 

sighted point in space), fixation duration, saccade (short jumps from one fixation to the next) 

and the fixation order, conclusions about the attentional processes of the subjects can be 

drawn (Rey, 2015). In the three-dimensional simulation, the estimation of binocular eye-

tracker still poses major challenges, as with the third dimension the stimulus now will be 

extended to another level, the depth. 

In this context, it should be discussed whether the perception of virtual prototypes can be 

equated with physical prototypes. The necessity and characteristics of a comparative study to 

investigate the perceptions of both 3D VR and the reality is derived and described. The test 

objectives and test design are explained.  

Keywords: Customer requirements, product development, QFD, virtual prototype, 3D virtual 

reality, eye tracking 
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INTRODUCTION 

The trend to ever more customized products has a big influence on modern quality 

management. In particular, the focus on customer requirements to date has clearly gained in 

importance (Crostack, 2011). The quality of a product by now is regarded as one of the main 

factors for the market success of a company (Brüggemann, 2012). The term "quality" 

describes how much a product fulfills its requirements (ISO 9000, 2015). For a high quality 

thus the knowledge of customer requirements and their weighting is indispensable. 

The needs of customers and stakeholders are the basis for product development. Based on 

this, the properties of a product are derived. The Quality Function Deployment describes a 

procedure for this purpose (ISO 16355, 2015). In spite of the use of this method there is often 

a deviation from the requirements of the customers of the developed products and therefore 

definitively a lower quality. This is due to a multiplicity of uncertainties and assumptions 

concerning customer requirements because of hidden (unconscious) needs of customers 

(Cooper, 2005; Jockisch, 2009) and the “translation errors” from the developers. These 

hidden requirements cannot be consciously articulated by the customer (Jockisch, 2009) and 

therefore are very difficult to define. In addition, all contexts of the requirements must be 

known in order to fully describe a system (Rupp, 2014). Missing interdependencies lead to 

uncertainties and misinterpretations in the product development. Today's products are subject 

to many complex connections, therefore it requires special efforts to clearly illustrate the 

requirements structures.  

A success factor of a company becomes the consideration of current customer requirements 

and needs. These requirements must be checked systematically with the developed product 

characteristics in the early stages of product development. As a result it is necessary to 

involve the customer as early as possible in the request validation. Thus, misunderstood or 

misinterpreted requirements can be detected at an early stage and low product quality can be 

avoided. 

 

STATE OF THE ART 

A key factor is to involve the customer in the product development to produce high-quality 

products. In the early stages of the product development process the possibility to take 

influence on the product is very large (see figure 1). That is why it is important to involve 

customers in the early phases. However, the customer requirements can currently be validated 

mostly not until real prototypes are available (Rode, 2011). This takes place at a time when 

the influence on the final product is lower. Virtual product presentation, offers the possibility 

to yet simulate first initial findings on the product features and functions. 

Virtual prototypes describe digital mock-ups and expand these to functions and physical 

properties. It is possible to carry out analysis and simulations with the virtual prototypes, 

which are comparable to those of real prototypes (Tiainen, 2014). Due to the function support 

the virtual prototypes allow a real-time controlled interaction by test persons (Wang, 2002). 

The necessary data for the creation of virtual prototypes are already qualitatively developed in 

the design phase and thus are available at an early stage. If it is possible to use the virtual 

prototype to check the customer requirements, this information could be evaluated in the 

product development process much earlier.  
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Fig. 1 - Optimization potential with early requirements validation in the innovation process (Rode, 2011) 

 

The final product design has not yet been fully developed in the concept phase. Nevertheless, 

the customer can already give valuable feedback with the available information. By creation 

of the virtual prototypes it must be taken into account that mainly the visual perception of the 

test person can be addressed. Although the visual sense is the most important sense in the 

human perception (Fels, 2015), it restricts the virtual prototype testing. Product features can 

only be described optically. For successful use of virtual prototypes uniform design guidelines 

must be also followed, in order to improve the close-to-reality models (Bordegoni, 2013). 

Then designers, engineers and end users could use a virtual prototype for evaluating the 

aesthetic quality, its functions and its usability aspects. 

A solution space to identify the customer requirements virtually, could be found in the 

combination of different methods and tools. Below existing approaches are explained which 

cover several areas of the problem.  

The three dimensional virtual reality (3D VR), in which stereoscopic three-dimensional 

models can be shown, are already used in big companies for product development (Huber, 

2014). By means of the depth effect and a high interaction radius through a simulation of the 

product model in real-time the degree of immersion increases. The high degree of immersion 

of such interactive systems allows the user a very accurate perception of the product model 

represented and a good understanding of product features and functions of virtual prototypes. 

Up to now tools are missing for the evaluation of main areas of interest of customers in the 

three-dimensional virtual space. Research results have shown that the visual perception and 

eye-movement strongly correlate with each other (Fels, 2015). Eye tracking allows to record 

the eye movements of test persons. Thereby recorded fixations, saccades and binocular 

movements can be evaluated. Two-dimensional (2D) monocular eye trackers already allow to 

analyse the focus of attention of the customer (Duchowski 2007; Pfeiffer, 2008). By 

measuring the fixation points (particular sighted point in space), fixation duration, saccade 

(short jumps from one fixation to the next) and the fixation order, conclusions about the 

attentional processes of the subjects can be drawn (Rey, 2015).  
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Heat maps for instance visualize the focused points and thus permit statements about the 

customer interest (see figure 2). Gaze plots describe besides the fixation duration the look-

saccades in the form of lines. Thereby numbers describe the view sequence. 

 

Fig. 2 -:Exemplary illustration of a heat map on the left and a Gaze plots right (Strandvall 2017; Rey, 2015) 

 

The three-dimensional (3D) representation is still a challenge for the evaluation of binocular 

eye trackers.  With the third dimension, the stimulus is extended by a new level, the depth. 

Furthermore, eye-tracking studies prove that the human perception changes with increasing 

closeness to reality. The scenery is looked at differently, the view in the 3D environment is 

less focused than on a 2D screen, which is also reflected on the heat map in figure 3. A larger 

area is scanned with the eyes, but with significantly shorter fixation times. In the 3D 

environment more easily shaded areas are found, while in the 2D environment the intensive 

areas dominate. Hence, it can be seen that the fixations are more intense and longer on the 2D 

screen (Häkkinen, 2010). The reason is that in the 3D environment significantly more eye 

movements take place, because the eyes fixate more on objects than in 2D. By the depth 

effect objects that are usually in the background and are usually ignored as far as possible, 

occur in the attention span of the viewer. The number of individual fixation points becomes 

larger, the fixation duration less. This fact must be taken into account in customer studies. 

 

Fig. 3 - Perception in 3D (left) und 2D (right) (Häkkinen 10) 

 

Eye tracking explorations on virtual prototypes are not comparable with real physical 

prototype tests. The perception differences between highly immersive stereoscopic 3D 

representations of products and physical products are studied in an undetermined way. 

Because of this it is necessary to develop a study, with which the comparability of virtual and 

real prototype tests for the customer requirement analysis may be examined.  
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Eye-tracking studies alone, without a subsequent detailed interpretation analysis cannot 

explain why the test person is focusing on a particular screen element or not. The method of 

eye-tracking is limited, it does not give an answer to the real intention of a viewer’s gaze. 

The quality management provides several methods to adjust the product development process 

systematically to the won customer requirements. For the customer orientation within the 

product development process in particular the Quality Function Deployment (QFD) is suitable 

(Pahl, 2013). The QFD is an approach for ensuring quality over the product development 

process (ISO 16355, 2015). The ISO 16355 -1 Application of statistical and related methods 

to new technology and product development process describes the principles.  

The basic approach of the QFD is the combination of the different languages (customer, 

developer) about the product characteristics in terms of matrices with the aim of assuring 

customer satisfaction regarding new and existing products. The voice of customer (VoC) - 

defined as communications from the customer - continuously shall serve the company as 

orientation (Ehrlenspiel, 2003). QFD can use different types of matrices for prioritizing and 

quantifying different requirements during the various phases of product development. One 

instance of such a matrix that serves as a communication medium is the House of Quality 

(HoQ). In the House of Quality matrix, weights quantify the relationship or contribution 

between customer needs and functional requirements (ISO 16355, 2015). This matrix enables 

the implementation of both functional requirements and customer needs into structured and 

technically feasible features (see figure 4). In the first instance the question "WHAT does the 

customer want" should be translated into "How can the company resolve the requirements?" 

(Brüggemann and Bremer, 2012). 

 

Fig. 1 - House of Quality 
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The QFD process includes a classic sequence of steps, which are stated differently in various 

literatures. The QFD Institut Deutschland describes this sequence as followed:  

1. Estimation of customer requirements  

2. Competitive comparison by customers  

3. Development of constructional interpretation requirements and product characteristics 

from customer requirements  

4. Determine the correlation between customer requirements and product characteristics.  

5. Determination of customer-oriented technical importance of the individual product 

characteristics 

6. Determination of the correlations between the product characteristics  

7. Analysis of the HoQ (QFD-ID, 2016) 

 

If this standard is realised consistently, it rudimentarily can be ensured that customer 

requirements are implemented and remain comprehensible in the product development 

process (Ehrlenspiel, 2003). The modern QFD after ISO 16355 -1 combines the steps with 

quality and product development methods, which accomplished the approach. Thereby is the 

modern QFD custom-tailored to find the minimum effort. The flow of methods may vary 

according to the organization requirements (figure 5).   

 

 

Fig. 5 - Flow chart of product development with QFD (ISO 16355, 2015) 

 

The choice of methods is orientated on the respective product development process. The 

German QFD institute describes a best practice flow diagram (figure 6). In the graphic 

meaningful links of modern development techniques are presented with the QFD process. The 

rigid use of the HoQ is equalized by various matrices too. 
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Fig. 6 - German QFD institute best practice flow diagram (ISO 16355, 2015) 

 

Although the requirements in the modern QFD can only be brought to the first matrix, an 

iterative examination is not provided. But if there is a misunderstanding in the emphasis of the 

requirements, the development can fail the customer requirements.  

From these considerations, the following challenges for early validation of customer 

requirements can be derived:  

1. Virtual prototypes in conjunction with binocular eye-tracking will probably provide an 

opportunity to determine the customer interests. The analysing of customer 

requirements inside three-dimensional virtual space is technically still in the research 

stage and not to solve without appropriate methods. 

2. Virtual prototypes must be simulated very realistically. Therefore a high degree of 

immersion is required which must be generated by a three-dimensional virtual reality.  

3. The suitability of stereo three-dimensional eye-tracking studies has to be compared 

with studies of physical prototypes to guarantee comparability.  

 

CONCEPT 

The motivation of this research is to solve the described challenges to enable the early 

requirements’ validation by means of virtual prototypes. Therefore the urgency of a study, 

which examines the differences of perception in 3D VR and the reality, will be explained. The 

stereoscopic virtual reality enables users to experience products in digital form (Huber, 2014). 

Thus, the process of customer requirement validation can be successfully brought forward in 

the product development process, the presentation options have to be determined by 
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conceptual characteristics. As CAD data are already made in the design phase and have 

different parameter values, the focus can be placed on their involvement. For use and 

interaction with virtual prototypes a software needs to handle 3D CAD data and additionally 

calculate the simulation in real time. Engines like Verosim, Unity or Unreal are suitable for 

this purpose. This would allow the application of virtual prototypes in the early stages of the 

product development process. By integrating into the QFD a classification is created, which 

could make it possible to analyse the focus of interest of the customer based on the conceptual 

features of the virtual prototype (see figure 7).  

Requirements are correlated with quality features in the first HoQ. Thereby the characteristics 

of the product features can be determined based on customer requirements. Based on these 

characteristics, the first conceptual 3D models can be created. By linking with physical 

properties virtual prototypes are generated. This can be simulated with the appropriate 

software in the 3D VR. When customers now interact with these virtual prototypes, their 

focus of interest may possibly be pursued by the eye-tracking. Thereby the methods of the 

classic requirements management (interview, observation) help to classify the respective 

focuses. So it might be possible to adjust the emphasis of the requirements from the HoQ with 

the actual emphasis of the characteristics of the eye-tracking analysis. 

This extra loop allows an agile approach with the QFD. This adjustment of the focuses would 

allow to transfer a product model influenced by the developer point of view in a customer-

oriented way into the next phase of the components planning. 

 

Fig. 7 - Schematic representation of a VR extended QFD 

The added value is a product development which is geared more closely to customer 

requirements, which can react much earlier to changes. The aim is a high quality product and 

with it an increased customer satisfaction. The essence of the success of this approach is the 

evaluation and interpretation of eye-tracking in 3D space. This means that the eye movement 

of both eyes must be recorded. Accordingly, the depth could be analysed and thus the spatial 
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preposition (before vs. after) could be determined. 3D plots could be generated, in which also 

the view direction is considered (Uni Magdeburg, 2015), which would result in more 

meaningful eye-tracking data, and thus more accurate insights into the interests of customers.  

It remains unclear whether the increased significance, is analog to the physical prototypes. 

This circumstance is to be analyzed by a comparative study. The following process chart 

(figure 8) describes the theoretical course of the study. In this study, test persons will be faced 

with corresponding physical and virtual products. Here the focus is on visually perceptible 

product characteristics. A binocular eye-tracking shall record the eye movements of test 

persons. This enables developers to draw conclusions from perceptions and preferences. 

Further comparisons of the virtual und physical studies will give a statement about the 

accordance.  

 

 

Fig. 8 - Process chart regarding the course of the study 
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For this study standards need to be developed for comparable results, which can be described 

as follows.  

Set-up of the product model (virtual prototype) 

The aim is to assure that the general appearance of the virtual product model matches the real 

product. Size conditions must be adapted 1:1 in order to ensure a high immersion. Colours 

must match so that there cannot be unwanted distractions. Functions must be deposited and 

able to be used interactively in real time. When selecting the product it is important to make 

sure that this will not pose problems in a 100" power wall. A fully automatic coffee machine 

meets these requirements and can be well simulated. The operating concept varies between 

models and can be used for this study. The virtual reality technology serves as a tool to carry 

out experiments as well as exploratory tests and to collect data. (Di Gironimo et al. 2013, p. 

361) Repeatable, valid data, in order to gain connections and insights, serve to reduce the 

difficulties of understanding within the product development process. They therefore promote 

risk minimization within development. 

Set-up of the test environment 

The virtual test environments should match the real test environment, potential distractions 

must be eliminated. The input devices to interact with the virtual prototypes play an important 

role. Rademacher describes an attribution of input devices to the specification of VR-work 

systems. Here, the power wall creates a highly collaborative environment, a joystick/gamepad 

for intuitive input is recommended (Rademacher, 2014). A gesture control could make input 

more intuitive. For the planned series of tests a gamepad is used as many test persons have 

previous experience with this input device. 

Choice of the test persons 

The people need to be clustered according to their previous knowledge. A different level of 

experience of the users with the VR can lead to various scene evaluation. Initial tests have 

shown that the experience of using a gamepad allows a completely different interaction with 

the virtual prototypes and thus provokes different results. Experience in the use of S3D 

models also significantly contributes to the acceptance in handling virtual prototypes. For 

clustering the test persons in advance short questionnaires are issued, in which the handling of 

input devices and the experiences are requested using virtual reality. On the other hand, the 

demands of the ISO 16355 must be considered to the customer selection of QFD projects. In 

the ISO 16355-2:2016 various methods and tools are presented, how customers and their 

voice can be determined. 

Set-up of the test procedure 

Essentially, two different approaches can be used. On the one hand it is possible to set 

features specifically in scene and consciously scrutinize requirements on the other hand 

product models can be used to detect unconscious areas of interest and to derive new 

requirements. In this case, an operating concept should specifically be tested on intuition. The 

test persons are given clear tasks, which are independently processed by them and analysed 

by eye-tracking. The test periods should not exceed 5 minutes. For comparable records the 

tests must be completed both in the virtual and the real environment. To filter a learning curve 

in the use of the operating unit, two groups are divided. Both groups pass through the series of 

tests in different order. 
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Assessment flow 

In the evaluation of the tests, a two-stage approach is recommended. Here, the eye-tracking 

data are recorded and stored. Following the tests, the test persons face their recorded eye-

tracking data. The test person has the opportunity to comment on his intentions during the test 

and equalize this with the recorded aspects. Thus, deviations of the eye movement can be 

determined. Thereby the flow of the core study can be described as follows:  

1. Preparation of the study: Within the preparation of the study, test scenarios are defined 

at the beginning. Then, the methods to be used in the integration concept will be 

selected and adapted the test concept. The scope of the experiment and the selection of 

the necessary documents are the main component of this point.  

2. Introduction: At the beginning of the study, the goal of the study is presented and the 

user is instructed in the course of the workshop. In addition, the participants will be 

presented with the basics in the form of a presentation. In addition, data protection 

must be provided. This consent allows data processing, collection and storage of the 

personal data. 

3. VR Introduction: An introduction to the use of the VR system is provided for each 

participant. Individual components such as the input devices are displayed to the user, 

explained and handed over to the use of an analog model. For this purpose a task, 

similar to the real test conditions, is formulated. This gives the user a good overview 

of the required degree of interaction with a virtual prototype and the expiration of the 

upcoming test. In this step, compatibility with perception and interaction within a 3D 

environment is also considered. A questionnaire is intended to clarify the previous 

experience with the VR and the technical affinity of the participants. 

4. Main study: In this step the main study is taken. The user is presented with a standard 

task and has the time to read and understand it. Eyetracking is set up and calibrated. 

The eyetracking shots are started and the prototype to be evaluated is displayed and 

handed over to the user. All conditions are controlled and recorded. The user tries to 

edit the work task, in this case eye tracking video, audio and screen recordings are 

collected and short notes are created. These help to clarify questions in the follow-up 

meeting and to gain more understanding of the user's expectations in order to be able 

to transfer them to new requirements for the product. 

5. Data collection by means of questionnaires: After the main study and the product 

interaction, a questionnaire evaluation takes place. The survey allows comparable 

assessments to be obtained. General impressions about the test object can be 

determined by standardization. 

6. Retrospective evaluation: Individual conspicuous features collected by the Eye 

tracking studies should be followed and interpreted by the user. It is also possible to 

request evaluations from the user and to specify specific system components that are 

linked to the evaluation targets in detail. A data collection using a partially structured 

interview can generate additional information at this point.  

7. Completion of the study: To conclude the study, a sociodemographic questionnaire is 

to be completed in order to be able to classify the subjects groups. Finally, the 
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participation in the study will be appreciated and, if necessary, a confirmation of 

participation will be issued. 

8. Data evaluation and report: In this step the analysis, statistical analysis and preparation 

of the data are carried out. Thus, comparable results can be generated. These results 

should be summarized in a report. 

With these preparations it will be possible to carry out the studies. 

 

CONCLUSION 

The concept described here, helps to optimize the product development process. The 

development is more focused on customer requirements and changes are detected more early. 

Virtual prototypes are intended to prepone, replace and complement the physical tests. Eye 

tracking analyses are intended to capture the perception of the customers in the various test 

series and thus generate information about the actual customer requirements. This will also be 

used to check whether unknown customer interests can be shown up to now. In addition, early 

validation of requirements has the potential to shorten the product development process, since 

an early query of customer acceptance is possible. If there are any change requests or 

inconsistencies in the customer requirements, this could be reactivated even more flexibly. 

However, it is unclear whether a comparability of the virtual and physical eye tracking 

analyzes is given. The study described in this paper is intended to clarify this fact. It is 

expected that the evaluation of the three-dimensional eye tracking data allows a similar 

statement about the customer preferences, as the physical prototypes. The virtual prototypes 

have to be simulated with a high degree of understanding. Today's standards of a three-

dimensional virtual reality offer a high degree of immersion and are therefore suitable for the 

simulation of virtual prototypes. 
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ABSTRACT 

Human activities require the use of goods and services and this often generate negative 

impacts, such as pollution and the consumption of natural resources. Moreover, each 

production process requires the use of other goods and services from other production 

processes, creating supply chains that cross the global economy. Each process in these supply 

chains in turn generates its own negative impacts. (Norris G, 2015). It is the responsibility of 

organization to detect the negative impacts and/or hotspot, also in environmental and social 

level, and to intervene, with the ultimate goal of not only mitigating the impacts but also 

generating positive business impacts and therefore they improve human well-being. Social 

Organizational Life Cycle Assessment (SOLCA) is a collection and evaluation of the social, 

socio-economic and potential impacts of the activities associated with the organization 

adopting a life-cycle-perspective. SOLCA is created by Organizational Life Cycle 

Assessment (O-LCA) where the Product LCA is adapted to an organizational perspective 

(Martínez-Blanco J. et al., 2015).  The goal of this paper is to analyze a new concept of 

quality integrating aspects of the sustainability. 

Keywords: organizational life cycle assessment, social impacts, quality management. 

 

INTRODUCTION 

Today’s companies need to evaluate the social and socio-economic impacts of their own 

organizations in a life cycle perspective, in order to increase the awareness of the corporate 

sustainability and communicate it to their stakeholders (Draucker L., 2013).  A strategy 

focused on the company is no longer enough, but it has to focus on the consumer in order to 

compete in the international arena (McGrath R.G.,2013). A life-cycle approach takes into 

consideration all stages from raw material acquisition through processing, distribution, use, 

and end-of-life processes, and all relevant related social impacts, in order to analyze both 

from the environmental and social point of view (JRC EC, 2012). Both SLCA and SOLCA 

provide a life cycle approach to assessment social impacts. Whereas the SLCA methodology 

is specific to individual product, the SOLCA approach “applies to organizational activities as 

a whole. In other words, to all activities associated with the goods and/or services the 

Organization provides from a supply-chain perspective (from extraction of raw materials, 

through use, to final waste management)”(JRC EC, 2012). An organizational approach is 

essential to achieve an effective sustainable management as important effects may occur 

“upstream” or “downstream” in the value chain and hence may not be immediately evident. In 

this manner the organization identifies which areas are at risk and how to improve social 
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positive impacts and increase its sustainability. In the organizational approach there is not just 

one product life cycle to follow but there are more than one department and business divisions 

involved in it. The life cycle approach of the product cannot be comprehensive, because the 

unit of analysis in the SOLCA is the totality of the goods and the services produced and sold 

in a year by a company (Guidelines O-LCA, 2015). This approach is also essential for making 

transparent any potential trade-offs between different types of social impacts associated with 

specific policy and management decisions (JRC EC, 2012). 

On the basis of these guidelines an organizational approach is here proposed - the SOLCA 
adapts the O-LCA to the social perspective. Martínez-Blanco J. et al., give a first definition 
for SOLCA by merging the definition of O-LCA and Social Life Cycle Assessment (SLCA): 

“social organizational LCA is a compilation and evaluation of the social and socio-economic 
aspects and the positive and negative impacts of the activities associated with the organization 
as a whole or a portion thereof adopting a life cycle perspective” (Martínez-Blanco J. et al., 
2015, p.1590). SOLCA helps organizations to understand the relation between the activities 
and the processes involved in the entire value chain and the social impacts of their product 
portfolio. Although it is recommended a full organizational assessment, the definition of 
organization by ISO/TS 14072:2014 allows several levels of assessment; therefore O-LCA 
may focus on the organization as a whole or portion thereof, for instance business unit, 
brands, regions or facilities (Guidelines O-LCA, 2015).  

 

METHODOLOGICAL ISSUES  

The SOLCA approach proposed here gives the possibilities for organizations “to lay the 
ground for the progress, improvement, and dissemination of a life cycle-based social 

assessment by using the organizational level”(Martínez-Blanco J. et al., 2015, p.1596). The 
aim of this article is to analyze a new concept of quality integrating aspects of the 
sustainability.  

Technical framework proposed in SOLCA is equal to O-LCA and SLCA, in fact four LCA 
phases are proposed here: goal and scope definition, life cycle inventory analysis (LCI), life 

cycle impact assessment (LCIA) and interpretation. This symbolizes “the backbone of three 

approaches”, and it generally includes the same elements (Martínez-Blanco J. et al., 2015, 

p.1590). 
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ABSTRACT 

The present paper discusses the results of empirical investigation aiming at analyzing the 

effects Six Sigma implementations in Italian companies. As it is well known, the Six Sigma 

methodology is focused on reducing business processes variability, improving the 

effectiveness and efficiency. Regarding the approach of Italian companies towards Six Sigma, 

the research question addressed is: Does really exist an improvement expressed in terms of 

economic performance, customer and employees satisfaction? In order to measure what are 

the effects and the benefits of Six Sigma implementation projects, it was specifically 

constructed for the survey a questionnaire characterized by 27 questions, using a Likert-type 

rating scale. 

Keywords: lean manufacturing, six sigma, lean six sigma. 

 

INTRODUCTION 

The main objective of this paper is to investigate in the Italian business context the impact of 

Six Sigma projects on economic performance, customer satisfaction and human resources 

involvement. The research was carried out taking into account the companies of the industrial 

and third sectors, the questionnaire has been disseminated to the companies located 

throughout the Italian country that implement the methodology Lean Six Sigma or Six Sigma. 

Mainly, the survey involved big companies with an average turnover exceeding €50 billion 

per year, but the diffusion of this method is growing among SMEs, a category which includes 

the majority of Italian companies. In order to measure what are the effects and the benefits of 

Six Sigma implementation projects, a questionnaire characterized by 27 questions was 

specifically constructed for the survey, using a Likert-type rating scale (from strongly 

disagree to strongly agree). The professionals who have been involved in the empirical 

investigation are Quality Manager, Continuous Improvement Manager, Supply Chain and 

Operational Excellence Manager, Quality Plant Manager, Procurement Quality Manager, 

Master Black Belt, Six Sigma and Lean Six Sigma Leader. 

 

RESULTS AND CONCLUSIONS 

In reference to the data processing, we selected as an independent variable the variation of the 

Sigma level, while the dependent variables are: 

- Performance, explained by the trend of the profits, competitiveness, costs and product 

reliability; 
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- Employee Satisfaction, described by the involvement of managers in the training process 

about the Lean Six Sigma projects, level of interaction between departments/strategic areas, 

and degree of satisfaction achieved following the implementation of this methodology; 

- Customer Satisfaction, given by loyalty and claims satisfaction.  

The results from the empirical investigation are shown in Figure 1. 

 
Fig. 1 - The effects of Six Sigma projects realized in Italian companies 

As we can see, there is an inverse relationship when the Sigma falls in the range 0-10%: the 

level of client loyalty is high despite the value expressed by respondent which was 4/5 of the 

Likert scale. Furthermore, in the event that the Sigma variation has exceeded 20%, the level 

of employee satisfaction is “only” medium. This could be explained by the fact that in order 

to have a high Sigma level increase a greater effort to human resources that act, react and 

interact in the organizational business context is required. 
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ABSTRACT 

The goal of this paper is to evaluate a set of variables related with quality management to 

propose an evaluation model of compliance capable of discriminating the most deserving 

organizations and increase credibility of the international standard. 

Keywords: compliance for quality certification, compliance, multivariate statistical 

techniques. 

 

INTRODUCTION 

In recent years, a significant number of Italian companies have adopted the ISO 9001 

international standard (www.accredia.it). This international standard in Italy and other 

European nations (Alonso-Almeida et al, 2013) has been adopted by a limited number of 

companies in the tourism sector. In Sardinia, an Italian region particularly suited to tourism, 

the certified accommodation facilities are less than ten and the trend has been negative since 

2000 (www.accredia.it). In the services sector, studies on the relationship between quality 

elements and performance are currently limited and the relationship between the quality 

perceived by customers and financial results has rarely been analysed (Aznar et al., 2015). 

The low infiltration of the standard is mainly due to the high cost of the certification process 

and to the lack of objectivity and non-manipulability of the criteria used in delivering 

certification (Franceschini et al., 2010). To promote the diffusion of the standard in the 

tourism sector it is important to reduce the costs of certification and enable organisations that 

adopt the standard to distinguish themselves from those of the same category. In order to 

assess service quality great importance is given to customer satisfaction. Generally speaking, 

high quality has a positive impact on economic results, but the economic and financial indices 

are not taken into consideration to obtain and maintain certification. In this work, after 

assessing if high values of quality perceived by the consumer correspond to better economic 

performance by tourist companies, an attempt was made to define an incentives/penalties 

system based on data related to perceived quality and financial results. 

 

METHODS 

As a first approach to the problem a sample of 30 hotels, 12 3-star and 18 4-star, was 

considered. The hotels were of different sizes, with a number of rooms ranging from 12 to 
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253. They were divided into classes based on size: A (from 1 to 25 rooms), B (from 26 to 55 

rooms), C (from 56 to 80 rooms), D (from 81 to 110 rooms) and D (> 111 rooms). All the 

hotels were located in Sardinia. In the survey the public domain assessment elements were 

examined that efficiently represented the interests of stakeholders (namely customers and 

tourism entrepreneurs).  

To obtain the values regarding quality perceived by the hotel customers we took into account 

the public reviews reported by the hotel internet portal Trivago. Unlike other portals 

considered in a previous work (Aznar et al. 2015), this portal shows the average rating and 

extensive reviews on other booking sites, e.g. Hotels.com, Expedia, Agoda, leading hotels, 

etc. In addition, it gives users the ability to publish a review only after having stayed in the 

hotel. In order to have a guarantee of reliability of customer opinions, only the hotels that 

obtained at least 100 reviews were considered. The financial indicators were taken from the 

balance sheet published on the AIDA database for the year 2016. The data from the survey 

were analysed by univariate (ANOVA) and multivariate (Principal Component Analysis, 

PCA) statistical techniques, using the SPSS. 14.0 software package (SPSS Inc., Chicago, IL).   

 

RESULTS  

In this study, the perceived quality factors considered were service, comfort and quality/price. 

These, rather than structural ones, were the factors most closely linked to quality of service 

and efficiency of the organisation (Lockyer, 2005 - Sainaghi, 2011). The financial indices 

chosen were those of profitability, ROS (return on sales) and ROI (return on investment). 

Profitability ratios are used to measure the operating efficiency of a business. Other indices 

used in a previous work (Claver-Cortes et al. 2007), such as income per room and total gross 

profit, were not considered because they were liable to be influenced by the context, or 

because they might include extraordinary items. The ANOVA analysis, applied to determine 

the differences between hotels with three or four stars, showed no significant differences 

between the mean values of all the variables considered. To visualise the data better and 

analyse the information derived from consumer rating, on the basis of the average values of 

perceived quality (mean of the scores awarded to the three variables service, comfort and 

quality/price), the tourist companies were divided into three groups: high quality (average 

between 90-84, comprising 6 hotels), medium quality (average between 83-77, comprising 18 

hotels) and low quality (average ≤ 76 comprising 6 hotels). The ANOVA univariate statistical 

technique was applied to find out the significant difference between the hotels based on their 

dimension and average values of perceived quality. In both cases the test did not show 

significant differences between the mean values of the variables considered. The sample was 

therefore considered quite homogeneous as there were no differences, either in terms of 

dimension or category. 

An explanatory examination of the data was performed using the Principal Component 

Analysis (PCA), a well-known technique to extract and visualise all useful information from 

the data set. PCA applied to the data set of 5 variables (ratio quality/price, service, comfort, 

ROS and ROI) and 30 objects showed that the first two components were responsible for 83% 

of total variance. Correlation loading plot (Fig. 1) revealed that the variables quality/price, 

service and comfort of the room were positively correlated with the first component (loading 

values were 0.973, 0.893 and 0.941 respectively) whereas the second component was 

positively correlated with the variables ROS and ROI (loading values were 0.867 and 0.877 

respectively).   
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Fig. 1 - Scatter plot of the scores on the first two principal components 

 

The score plot of the two principal components showed that hotels with high or good quality 

service did not always have good economic performances. By considering the hotels with 

high and medium value of perceived quality, the multivariate analysis (PCA) highlighted the 

presence of groups with different economic performances. 

The values of ROS and ROI in the first group (samples N°s 6, 10, 12 and 22) were always 

positive (ranging from 14.2 to 22.6 and from 3.96 to 12.38 respectively); in the second 

(samples N°s 2, 7, 8, 14, 15, 16, 17 and 20) always negative (ranging from -13.9 to -0.9 and 

from -16.9 to -1.7 respectively). I 

n the third group, comprising 13 samples, the values of the economic indices were always 

positive, with the exception of two samples that had negative values for one of the two 

indicators. In the fourth group the samples (26, 11 and 30) had low values of perceived 

quality and high economic performances. In addition, it is noted that one sample (N° 25) had 

excellent and one (N° 9) bad results. 

In order to verify whether the use of only two indicators would confirm, with sufficient 

approximation, the PCA results, and evaluate the possibility to distinguish the area of reward 

or penalty, the 85th and 15th percentiles of the distribution were calculated. For this purpose 

the variables average values of quality perceived and ROS were considered. As shown in Fig. 

2, the hotels were distributed in four areas, to each of which a different performance 

corresponded: 

1 

2 

          3   

4 
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- Area A (excellence) - both variables showed values above the 85th percentile (1 

sample N° 25),  

- Area B (positivity) - one of the variables showed a value above the 85th percentile 

(sample N°s 10, 22 and 28),  

- Area C (deficiency) - one of the variables showed a value below the 15th percentile 

(sample N°s 8 and 14), 

- Area D (negativity) - both variables showed values below the 15th percentile (sample 

N° 9). 

- Area E (anomalous) one of the variables showed an excellent value, the other a very 

negative value (sample N°s 2, 16, 13). 

 

 

 

Fig. 2 - Percentile plot of the variables quality/price ratio and ROS 

 

The rest of the quadrants represented the area of compliance. By comparing these results with 

those provided by the PCA, it can be noted that complete correspondence was not found. It is, 

however, useful to point out that organisations with high perceived quality did not always 

show good economic performance. Probably these are the companies that most require an 

efficient quality management system backup. The results nevertheless show that the variables 

selected can give a contribution to the creation of an incentives/penalty system. This system 

of incentives/penalties results in a lower/higher frequency of audits, with lower costs for 

virtuous companies and greater for those with a lower performance. The premium is 

expressed as a reduction from 25 to 50% of the surveillance audit time for excellent and very 

good companies. This involves a reduction from 15 to 30% of the audit costs in the three 

years of the certification contract (thus organisations of up to 15 employees would be saving 

about €1000 in the three years). The introduction of penalties may act as a deterrent for those 

companies that adopt the standards but do not effectively implement the quality. If tolerated, 

this situation would bring disrepute to the entire certification system. It is clear that a system 
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of incentives like this does not meet the requisites of the IAF MD05 regulation relating to the 

determination of audit times and its adoption would therefore require a specific standard 

recognised by a public institute to be defined (see Q Calidad in Spain) or a stakeholder 

organisation. The sample size considered is a limit of this study but the results obtained are 

encouraging for taking the research for further. 

 

 

 

CONCLUSION  

The study considered the possibility of using perceived quality factors and economic indices 

(ROS and ROI) to create an innovative model of quality compliance for tourist companies. 

The results showed that the high values of quality perceived by the consumer did not always 

correspond to better economic performance by tourist companies. By means of statistical 

techniques it was possible, on the basis of the indicators considered, to differentiate the 

worthier organisations from those whose performance was not positive. The indicators chosen 

can be used as criteria of creating a compliance model based on objective parameters, 

producing a model that responds to both tourist company requirements: the need for virtuous 

organisations to distinguish themselves from those with poor performance and the reduction 

in the costs of certification. 
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ABSTRACT 

The study of the problem of protecting the elements of constructions from impact loadings is 

very important due to the constant perfection of the means of shock-wave impact on the 

objects of modern technology. Creating of a reliable way to protect structures from 

destruction by high-velocity elongated projectiles dictates a need to develop different ways to 

counter the penetration into target. The interaction of projectiles with plates and rods which 

are thrown towards projectile by HE   is investigated. 

Keywords: hypervelocity impact, numerical simulation, probability, fragmentation. 

 

INTRODUCTION 

The most common way to protect objects is to use materials with high physical and 

mechanical properties, such as ceramics and composites based on it. Layered barrier enable 

prevent damage and destruction of protected structures or stretching of the pressure pulse in 

the layered system due to multiple reflection of waves from layers with different acoustic 

impedances, or pressure pulse energy dissipation during plastic deformation of highly porous 

layers or fragmentation of ceramic materials. 

 Porous and functionally-gradient materials are the most effective protective layers in the 

layered systems. Materials with physical and mechanical properties continuously changed in 

certain directions are the materials consisting of discrete-continuous layers with the increasing 

or decreasing values of acoustic impedance due to increasing the number of layers. One of the 

parameters changed in a selected direction can be represented by the porosity of a protective 

layer. Such materials are known as functionally-gradient materials (Gerasimov, 2016). They 

are characterized by a continuous change of the composition in a specified direction and 

represent a mixture, the component concentration of which is changed in the spatial 

coordinates according to a certain law.  

The second possible way to counter high-velocity projectiles is to throw groups of spaced 

plates and rods from conventional and composite materials towards projectiles. As a result of 

the dynamic interaction and intense deformation occurs the partial destruction of the 

projectiles or the deviation projectiles from the line of collision. Consequently, the projectiles 

can rebound from the surface barrier, or deviate from the object to be protected and do not 

interact with the barrier. All these factors reduce the penetration of projectiles into the 
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protected object. In this work numerical simulation of the interaction of high - velocity 

projectiles with groups of rods and spaced plates is carried out. 

 

BASIC RELATIONS AND SOLUTION METHOD 

The 3D computations are conducted considering the natural heterogeneous material structure 

that influences on the distribution of physical and mechanical characteristics over the volume 

of structural elements and is one of the factors determining the behavior of fracture. The 

necessity to account the given factor for equations of deformable solid mechanics dictates the 

application of probabilistic laws of distribution of physical-mechanical characteristics into the 

volume of the construction under consideration.The spatial adiabatic motion of a solid 

compressible medium is described using the equation of mass conservation, the momentum 

equation and the energy equation. In general case, they are given in the form (Wilkins, 1999). 

To describe the shear strength of the body, the Prandtl - Reuss equations and the von Mises 

yield condition are used. The state equation of a solid was chosen in the form of Mi-

Grüneisen. The criterion of ultimate equivalent plastic strain (Kreyenhagen, 1970) was used as 

a shear fracture criterion. To simulate an initial heterogeneous structure, the ultimate 

equivalent plastic strain is distributed over the cells by a modified random number generator 

that generates a random value according to the chosen distribution law. 

The technique for the calculation of the elastic-plastic flows uses tetrahedral cells and is based 

on the combination of the Wilkins method for the calculation of internal body points and the 

Johnson method for calculation of contact interactions (Johnson, 1979). A three-dimensional 

area is divided into tetrahedrons by using the numerical codes for the automatic construction 

of a mesh. The ideology and methodology of a probabilistic approach applied to the solid 

fracture problems is given in detail in the monograph (Gerasimov,2016). 

The natural heterogeneous structure of plates and technogenic fragments, which influences on 

the distribution of physical and mechanical material characteristics (FMC), is one of the main 

factors determining the material fracture behavior. This factor can be considered in the 

equations of deformable solid mechanics by using a random distribution of the initial 

deviations in the strength properties from the nominal values (simulation of initial defect 

material structures). 

The equations of deformable solid mechanics used in the recent studies concerning the 

dynamic fracture of constructions and materials do not consider this factor, which can distort 

the real picture of the impact fracture. The random distribution of the initial deviations in the 

strength properties from the nominal value of FMC leads to the fact that in these cases, the 

process of fracture becomes probabilistic, which is more consistent with the experimental 

data. 

 

RESULTS 

Earlier, the work (Gerasimov, 2013) considered the interaction of a rod with two and three 

spaced plates thrown towards this rod. The interaction of a rod with four plates moving 

towards and away from this rod was considered in the work (Gerasimov, 2015). This paper, for 
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the further development of the approach to thrown plates, presents the interaction of a 

tungsten rod with four tungsten plates. The plates move both towards and away from the rod. 

The distance between the plates is varied. The radius of the rod is 1.2 cm, the length is 65.4 

cm. The thickness of the plates is 1 cm, the thickness of the target is 5 cm, and the oblique 

angle of the rod relative to the target is 60
0
. The sizes of the plates and target are as follows: 

the width is 15 cm, the length is 60 cm, and the oblique angle relative to the horizontal surface 

is 30
0
. The distance between the plates, and the plates and the target h1, h2, h3, h4 are varied 

for different problems. The rod velocity is V = -2000 m/s, the normal velocities of the plates 

V1, V2, V3, V4, and the distance between the plates are also varied for different problems. 

Fig. 1 shows the location of the rod and the target with the plates at the initial moment of 

time. 

 

            
                                          a                                                                                b 

 

 

          
c                                                                          d 

 
Fig. 1 - Initial configuration of the «rod-plate-target» system: three-dimensional computation (a); 

2D cross-section of a three-dimensional computational area (the velocity of the plates is directed 

towards the rod) (b); 2D section of a three-dimensional computational area (the velocity of the two 

plates is directed towards the rod and the velocity of the other plates is directed away from the rod) 

(c);  2D  cross-section  of  a  three-dimensional  computational  area  (the velocity  of  the plates is 

directed along the plane) (d) 

 

 

 

         
                            а                                                                                             b 

 

Fig. 2 - Interaction of a rod with the plates (the velocity of the plates is directed normally to the 

surface): three-dimensional computation (a); 2D cross-section of a three-dimensional 

computational area (b) 

 

Fig. 2 shows the computations for the throwing of the four plates (Fig. 1b) at a normal 

velocity of 1000 m/s. The impact of the bodies led to the insignificant fracture of the rod and 

the change of the axisymmetric shape. 
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а                                                                       b 

 

Fig. 3 - Interaction of a rod with the plates (the velocity of the plates is directed at an angle of 60
0
 

relative to the surface of the plates): three-dimensional computation (a); 2D cross-section of a three-

dimensional computational area (b) 

 

 

The velocity vector deviation of the plates from the normal by 30
0
 led to a noticeable change 

of interaction between the plates and the rod (Fig. 3). There is the significant increase in the 

fracture of the contact rod surface and the deviation of the rod from the initial direction of 

impact. The deformed part of the rod is almost parallel to the surface of the target, which can 

lead to the ricochet of the rod or flying past the target. 

 

 

                 
а                                                                         b  

 

Fig. 4 - Interaction of a rod with the plates (the velocity of the plates is directed at an angle of 45
0
 

relative to the surface of the plates): three-dimensional computation (a); 2D cross-section of a 

three-dimensional computational area 

 

 

Fig. 4 shows the interaction of the rod and plates, when the velocity vector of the plate 

deviates from the normal by 45
0
, which leads to a noticeable change in the fracture and 

deviation of the rod as compared to Fig. 3, and to the increase in the probability of the 

ricochet and deviation of the rod from the target. 

 

 
 

Fig. 5 - Initial configuration of the plate-rod system: 2D cross-section of a three-dimensional 

computational area 
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Fig. 5 shows the initial configuration of a system that consists of the three plates (targets), as 

well as a fourth thrown plate and a thrown cylindrical projectile. The velocity of the thrown 

plate is 1000 m/s, the velocity of the tungsten projectile is -2000 m/s. The sickness of the 

thrown tungsten plate is 2 cm. The plates (targets) are made of the following materials: the 

material of the first plate (counting from the impacting plate) is steel, the thickness is 1.5 cm; 

the material of the second plate is titanium, the thickness is 1 cm; the material of the third 

plate is aluminum, the thickness is 0.8 cm. The target is made of steel, the thickness is 1 cm. 

The distance between the target and the plates is 2 cm. 

 

 

                
                                      а                                                                                           b 

 

Fig. 6 - Interaction of a rod with the plates at t=45µs: 2D cross-section of a three-dimensional 

computational area; three-dimensional computation (b) 

 

 

After the impact of the plate with the plates (targets), the plates (targets) start moving and 

diverging, which leads to the formation of a spaced protection against the projectile (Fig. 6). 

 

 

             
а                                                                                      b 

 

Fig. 7 - Interaction of a rod with the plates at t = 99.9 µs: 2D cross-section of a three-dimensional 

computational area (a); three-dimensional computational (b) 

 

 

The interaction of the plates with the projectile leads to the fracture and deviation of the projectile 

from the initial flight trajectory.In the following case steel ribbed plate was thrown towards the 

projectile.  Ribbed plate is a combination of two systems - plates and spaced rods (Fig. 8). 

 



Symposium-15: A Probabilistic Approach in the Numerical Simulation... 

 

 

-1726- 

 
 

Fig. 8 - Initial configuration of system  "target - ribbed plate - projectile" 

 

 

 

 
 

Fig. 9 - Three-dimensional interaction of a rod with a thrown ribbed plate and a target. 

 

The use of a ribbed plate for protection changes its interaction with a rod (Figs. 9-10). The 

ribs deform the rod to form waves, which leads to the fracture of the road and the ricochet of 

fragments produced from the target surface. The fracture of the target in the computations is 

insignificant and observed only in the surface layer of the material. 

 

 

 
 

Fig. 10 - 2D cross-section of a three-dimensional computational area for the interaction of a rod 

with a thrown ribbed plate and a target 

 

An absolutely different picture is observed during the impact of ribbed plate with a projectile. 

In this case, there is the intensive fragmentation of the plate and the projectile. The remaining 

parts of the projectile ricochets from the target surface that is slightly fractured (Fig. 9). 
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CONCLUSION 

The goal of this work was the numerical simulation of spatial deformation and fracture of 

high-velocity projectiles caused by the elements of multilayered composite systems and 

various combinations of rods thrown towards the projectiles, as well as the investigation 

concerning the impact of high-velocity projectile fragments with the target protected. The 

problems were solved using a three-dimensional formulation, since this approach allowed the 

dynamic loads to be studied by the most appropriate method.  

The computations given in the work showed the possibilities of the proposed approaches to 

reduce the penetration of the projectile. Intensive dynamic interaction leads to the deformation 

and fracture of the projectiles, as well as the deviation of the projectiles from the impact line 

with the target. As a result, the projectiles either ricochet from the surface of the target or 

deviate from the protected object and do not interact with the target. All these factors reduce 

the penetration of projectiles and reduce the probability of penetration through the body of an 

object protected. 

The computations also have shown that the developed 3D numerical technique allows us to 

simulate the high-velocity interaction of long projectiles with spaced plates, rods and ribbed 

constructions, as well as to simulate the interaction between the residues of projectiles and 

protected objects during the normal and oblique impact in a wide range of velocities and 

angles of impact, and also to investigate the fragmentation of projectiles and targets, and the 

behavior of the fragmentation fields formed. The conducted comparison have shown that the 

theoretical and experimental data are in good agreement, which allows the developed 

technique to be used for computations of mechanical-engineering constructions under 

dynamic loading and for the selection of the most effective materials and geometric 

parameters of thrown elements. The computations showed that a group of plates could reduce 

the fracture of the protected object. The most effective way is to throw plates with a velocity 

vector directed at an angle of 45
0
 relative to the surface of plates. The other variants of using 

plates provide a less protective effect. The dynamic formation of a spaced target allows the 

protection system to correspond to the specified sizes. 
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ABSTRACT 

The processes of multilayer composites failure under dynamic loading were investigated. 

Fracture model of brittle materials subjected to high velocity impact was presented. The 

model was used to simulate the deformation and fracture of Al3Ti - Ti metallic-intermetallic 

laminate composite under dynamic loading. 

Keywords: brittle solids, intermetallics, strength of materials, fracture, shock-waves. 

 

INTRODUCTION 

At present a metallic-intermetallic laminate (MIL) composite is considered to be a new, 

promising, light and hard material (Vecchio, 2005). The superior specific properties of these 

composites make them attractive for high-performance aerospace applications, and the 

production method for creating MIL composites allows new embedded technologies to be 

incorporated into the materials, enhancing their functionality and utility (Vecchio, 2005). The 

development of the technologies for the production of such materials, the laboratory test 

methods and the computational modeling of mechanical behavior under dynamic loading are 

of interest to modern materials science. 

The behavior of MIL composites under dynamic loading is of current interest. At present, 

there are a few of experimental works in the scientific literature devoted to studying the 

behavior of these composites under dynamic loading (Vecchio, 2005; Patselov, 2012; 

Zelepugin, 2012). The experimental data show that it is not possible to identify the sequence, 

duration and contribution of different failure mechanisms to the development of damage areas 

in a composite target. Therefore, to analyze the behavior of MIL composites, the use of 

computational modeling becomes more important, since it allows the high-velocity loading of 

composite targets to be investigated in a wide range of initial conditions in the framework of a 

unified mathematical approach (Zelepugin, 2012, 2014; Cao, 2015). The commercial code 

ANSYS is used in the computational modeling of the behavior of multilayered metallic-

intermetallic composites (Cao, 2015). However the intermetallic fracture models under 

dynamic loading has not been developed yet. 

 

FORMULATION OF THE PROBLEM 

To simulate numerically the processes of high-rate shock wave loading, we use the model of 

an elastoplastic damaged medium characterized by the presence of microcavities (pores, 

cracks). In this model the total volume of the medium W comprises the undamaged part of the 
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medium of density ρc which occupies volume Wc, and microcavities of zero density which 

occupy volume Wf. The average density of the damaged medium is connected with the above-

introduced parameters by the relationship ρ = ρc(Wc/W). The degree of damage of the 

medium is characterized by the specific volume of microcavities Vf = Wc/(W*ρ). 

A mathematical model employed in the numerical code for solving high velocity impact 

problems is based upon a set of differential equations of continuum mechanics that govern a 

material flow. The system of equations governing the nonstationary, adiabatic (for both elastic 

and plastic deformation) motion of a compressible medium with allowance for the evolution 

of microdamages comprises the continuity equation (1), the equation of motion (2), the 

energy equation (3), respectively (Zelepugin, 2008, 2008; Ivanova, 2010, Gerasimov, 2016):  

0)v(divt =ρ+∂∂ρ      (1) 

j,iji tdvd σ=ρ             (2) 

ijij
1

td
Ed εσ

ρ
=             (3) 

Here ρ is the density, t is time, υ is the velocity vector, υi are the velocity components, 

 σij = -Pδij+Sij are the stress-tensor components, E is the specific internal energy, εij are 

components of the strain rate tensor, P = Pc(ρ/ρc) is the average pressure, Sij are the stress-

deviator components, and Pc is the pressure in the continuous component of the medium.  

To numerically simulate the failure of the material at high velocity impact, we applied the 

active-type kinetic model determining the growth of microdamages, which continuously 

change the properties of the material and induce the relaxation of stresses (Kanel’, 1996): 
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(4) 

Here P
*
 = PkV1/(Vf + V1), and V1, V2, Pk, and Kf are material constants determined 

experimentally. The form of condition (4) was chosen on based on the experimental data. It 

was assumed that there are fracture nuclei in the material, of identical initial sizes with the 

effective specific volume V1. Cracks or pores are formed and grow on these nuclei when the 

stretching pressure exceeds a certain critical value P
*
 which decreases as formed 

microdamages grow. The constants in (4) were adjusted by comparing the results of 

computations and experiments concerning the recording of a free surface velocity when a 

specimen is loaded by planar impulses of compression. The same set of constants is used 

when calculating both build-up and collapse of cracks and pores (depending on the sign of 

Pc). 

The material model includes the equation of state of the Mie-Grüneisen type that represents 

pressure as a function of specific volume and specific internal energy, the deviatoric elastic 

constitutive relationships, the von Mises yield criterion taking into account temperature 

effects. The strength characteristics of the medium (shear modulus and dynamic yield 

strength) depend on temperature and the current level of damages.  

The pressure in the undamaged substance is determined by the Mie-Grüneisen equation of 

state according to the formula: 
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where µ = V0/(V-Vf)-1, γ0 is the Grüneisen coefficient, V0 and V are the initial and current 

specific volumes, respectively, and a and b are the constants of the Hugoniot shock adiabat 

described by the relation (Gust, 1982):  

ps buau += , 

where us is the shock-wave velocity and up is the particle velocity of the substance behind the 

shock-wave front. 

We assume that the change in porosity is influenced only by the spherical stress component or 

pressure, whereas the components of the stress deviator are bounded by the independent 

deviatoric yield function: 
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where dtdS0
ij  is the Jaumann derivative. Parameter λ is zero for elastic deformation, and for 

plastic deformation, is determined from the Mises yield criterion: 

2
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. 

Here G is the shear modulus and σ is the dynamic yield point. They are determined according 

to the relationships (Gust, 1982; Kanel’, 1996; Zelepugin, 2000): 
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Here Tm is the melting point of the substance, and c, V3, V4, and T1 are the constants. 

In the calculations, the function )T(KT  was chosen to model the nonthermal character of 

plastic deformation and dynamic strength of solids at high strain rates (10
4
 s

-1
 or higher) 

(Kanel’, 1996). 

To calculate the temperature, we used the relations (Zelepugin, 2000): 
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where the specific heat cp increases linearly as the temperature increases to the melting point 

of the substance: 
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The cold component of the specific internal energy c,0E  is given by (Gust, 1982): 
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The critical specific energy of shear deformations is used as a criterion of the erosion failure 

of the material that occurs in the region of intense interaction and deformation of contacting 

bodies. The current value of the specific energy of shear deformations is defined from 

relationship 

ijij
sh S

dt

Ed
ε=ρ  

The critical value of the specific energy of shear deformations depends on the conditions of 

interactions and is a function of the initial impact velocity 

0shsh
c
sh baE υ+=  

where  sha  and shb  are constants.  

When 
c
shsh EE >  in the computational cell near the contact boundaries, the cell is assumed 

damaged and the parameters in neighbouring cells are corrected with regard for the principles 

of conservation laws.  
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MODEL OF BRITTLE FRACTURE 

Wide-range model is used to describe the brittle fracture of materials (ceramics, 

intermetallics, glass). The model considers the possibility of the material fracture after 

exceeding the Hugoniot elastic limit in the shock wave, as well as the strength material 

characteristics (dynamic yield point) versus the achieved level of damage. Unlike metals (4), 

the failure of which occurs under tensile loading, the modelling of brittle fracture requires 

considering both stages of loading such as compression and tension. The dependence of the 

dynamic yield point for modelling of the brittle material fracture during compression is given 

by (7), the dependence of the dynamic yield point under tensile loading is given by (8): 
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Here σz is the stress component in the shock wave (σz < 0 for compression); Pfr is the material 

constant (Pfr < 0). The coefficient Kf can be varied from 0 to 1. When Kf = 0, the dynamic 

yield point in the shock wave drops to zero after exceeding the Hugoniot elastic limit, which 

is typical for completely brittle fracture (for example, boron carbide), when Kf = 1 the 

character of deformation is completely plastic, and the dynamic yield point in the shock wave 

is not changed during compression. The intermediate values Kf allow the combined plastic 

deformation and brittle fracture to be described. Here Vf is the specific volume of 

microdamages (cracks) defined by the spall fracture model (4), V4, 
k

fV , σf are the constants. 

The model was verified in (Zelepugin, 2016). 

 

RESULTS 

In this paper it is considered the problem concerning the interaction of a cylindrical projectile 

with a multilayered target consisting of seventeen composite layers (intermetallic Al3Ti - Ti). 

The brittle fracture model proposed above is used to describe the fracture of the intermetallic 

layer in the MIL composite.  

We consider the interaction of a projectile with a finite thickness target. The problem is 

formulated using the Cartesian coordinate system with initial (at t = 0) and boundary 

conditions. The initial conditions are characterized by the absence of internal stresses, and the 

projectile moves toward the target with a velocity υ0. There are no external loads on free 

surfaces of the interacting bodies, while the conditions of sliding are implemented on the 

contact surfaces between the projectile and the target. The finite-element relations used to 

solve the formulated problem are given in (Gorelski, 1997; Johnson, 2011). 

Fig. 1 shows the configurations of the projectile and composite target, the contours of the 

specific volume of microdamages and the specific energy of shear deformations at the time of 

60 µs. Thickness of intermetallic Al3Ti layer in this case was of 0.94 mm, thickness of a layer 

of Ti-6Al-4V titanium alloy was of 0.23 mm. 
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        (a) 

   
        (b) 

 
Fig. 1 - Configurations of the projectile, the composite target, the contours of the 

specific volume of microdamages Vf (cm
3
/g) (a) and the specific energy of shear 

deformations Esh (kJ/kg) (b) at the time of 60 µs 

 

The low level of microdamages in the titanium layers shows the termination of brittle fracture 

in intermetallic layers. The results show that the depth of penetration depends on the 

thicknesses of intermetallic and titanium alloy layers. The composite target withstands the 

impact loading in the case of the ratio about 4/1 (Al3Ti / Ti-6-4). 

Table 1 - Results of simulations for target layers of different thicknesses. 

Al3Ti 

[mm] 

Ti-6-4 

[mm] 

Areal 

density [g/cm
2
] 

Depth of penetration [mm] Average velocity [m/s] 

40 µs 60 µs 40 µs 60 µs 

0.94 0.23 7.02 17.00 18.49 150 30 

1.17 - 6.54 21.12 25.41 350 150 

- 1.17 8.97 18.73 20.90 200 50 

0.47 0.70 7.99 22.95 28.71 430 250 

0.23 0.94 8.49 24.15 - 470 - 

0.70 0.47 7.52 21.86 26.44 410 220 

1.04 0.13 6.81 22.85 - 440 - 

 

The Table 1 represents the results of simulations for different thicknesses of Al3Ti 

intermetallic and Ti-6-4 titanium alloy target layers. The results show that the depth of 

penetration depends on the thicknesses of intermetallic and titanium alloy layers. The MIL 

composite target withstands the impact loading for the 0.94 mm Al3Ti / 0.23 mm Ti-6-4 (the 

ratio is about 4/1). In this case the intermetallic layer provides the failure of the projectile and 

the metal layer stops the distribution of damage. In the other cases the perforation of the MIL 

composite target takes place. There is the same result for the uniform target made of either 

Al3Ti (line 2 in the Table 1) or Ti-6-4 (3). 
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CONCLUSION 

The computational brittle fracture model was presented for the materials subjected to high 

velocity impact. This model was applied for dynamic loading of the Al3Ti - Ti metallic-

intermetallic laminate composite. The results obtained demonstrate that destruction of the 

intermetallic layer is brittle compared to plastic failure of the metal layer. The computations 

have shown that the optimal composite target has a higher ballistic resistance in comparison 

with a uniform target either Al3Ti or Ti-6-4. The optimum construction of the MIL composite 

should include a metal layer of sufficient thickness, which would stop the distribution of 

brittle damage. The results show that the composite target withstands the impact loading for 

the ratio about 4/1 (Al3Ti / Ti-6-4). 
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ABSTRACT 

Severe plastic deformation of copper specimens during dynamic channel-angular pressing 

(DCAP) was numerically investigated in 3D statement for the dynamic scheme of loading. 

Computations have been carried out by the finite element method within the framework of the 

elastic-plastic medium model with allowance for fracture. Values of loading pressure and 

initial velocity are determined to provide the possibility of the DCAP process of copper 

specimens. 

Keywords: dynamic channel-angular pressing, severe plastic deformation. 

 

INTRODUCTION 

Bulk nanostructural and ultrafine grained materials are considered to be perspective 

constructional and functional materials of new generation (Valiev, 2000; Khan, 2010; 

Meredith, 2012). Investigations of ultrafine-grained metals obtained by severe plastic 

deformation (SPD) methods have shown that they are characterized by a number of unique 

properties in comparison with coarse-grained analogues: higher strength combined with high 

plasticity, low- and high-temperature superplasticity, radiation resistance, etc. A new SPD 

method such as dynamic channel-angular pressing (DCAP) was proposed, in which pressing 

of a specimen through intersecting channels is carried out by pulse loading caused by the 

energy of compressed gases (Zeldovich, 2009). Experimental studies show that there is a need 

in the large-scale numerical investigations of DCAP processes to determine the effective 

parameters of SPD (Shipachev, 2010; Skryabina, 2015).  

This paper presents an investigation of the DCAP process parameters (initial velocity and 

pressure) for the copper specimen. The SPD process of the bulk copper specimen with the 

using of DCAP was numerically investigated in the three-dimensional statement for the 

dynamic scheme of loading. Computations have been carried out by the finite element method 

within the framework of the elastic-plastic medium model with allowance for fracture. 

 

COMPUTATIONAL APPROACH 

The basic numerical model used in our numerical code for solving high-velocity impact 

problems comprises the set of differential equations of continuum mechanics such as 

conservation of mass, momentum, energy, and constitutive relationships. The material model 

includes an equation of state that provides pressure as a function of the mass density and 
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internal energy, a deviatoric elastic constitutive relationship, a yield criterion, and a material 

failure model.  

The model for the damaged medium used in the calculations is characterized by the 

possibility of microdamages formation. The total volume of the medium, W, consists of 

undamaged volume Wc of density ρc and damaged volume Wf of zero density. The overage 

density of the total volume is given by ρ = ρc(Wc/W). The level of the medium damage is 

characterized by the specific volume of microdamages Vf = Wf/(W·ρ).  

The system of equations describing unsteady adiabatic movements of a compressible medium 

with allowance for the development of microdamages is (Ivanova, 2010; Shipachev, 2010; 

Gerasimov, 2016): 
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Here, ρ is the density, t is the time, vi are the components of velocity, σij = Pδij+Sij are the 

stress tensor components, E is the specific internal energy, εij are the components of the strain 

rate tensor, P = Pc(ρ/ρc) is the overage pressure, δij is the Kronecker delta, Sij are the 

components of the stress deviator, Pc is the pressure in the undamaged substance component. 

The pressure in the undamaged substance is a function of specific volume, specific internal 

energy and specific volume of microdamages; and, throughout the range of loading 

conditions, it is determined by the Mie-Grüneisen equation of state (Gust, 1982): 
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where µ = V0/(V-Vf), γ0 is the Grüneisen constant; V0 and V are the initial and current 

volumes, respectively; a and b are the constants of the Hugoniot shock adiabat, described by 

relation us=a+bup, where us is the shock wave velocity and up is the particle velocity behind 

the shock wave front. 

The constitutive relations connect the components of the stress deviator and strain rate tensor 

and use the Jaumann derivative. The Mises yield criterion is used to describe the plastic flow. 

A kinetic failure model of the active type for the simulation of fracture in various metals is 

used for numerical modeling (Kanel’, 1996): 
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Here, P
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Shear modulus G and dynamic yield strength σ were assumed to depend on attained damage 

level (Gorel'skii, 1994): 
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where Tm is the melting point of the material, c, V3, V4 and T1 are the experimentally 

determined constants. In the computations, function KT(T) was chosen to model the 

nonthermal character of plastic deformation and the dynamic strength of solids at high strain 

rates (10
4
 s

-1
 or higher).  

The interaction of the copper specimen with intersecting channels is considered. The initial (at 

t=0) and prescribed boundary conditions are introduced on the surfaces in Cartesian 

coordinates for constitutive equations (1)-(8). The sliding conditions are met on the contact 

surface between the specimen and the channels walls. The rigid wall boundary conditions are 

imposed on the channels. Constant load P that simulates the pressure of powder gases is 

applied to the back surface of the specimen (dynamic loading scheme). The modified finite 

element method (without the global stiffness matrix) is used for the solution of the formulated 

problem (Johnson, 2011; Gorelski, 1997). 

 

RESULTS 

The DCAP process was modelled for copper specimens with linear dimensions of 16x16x65 

mm. The angle of the channels intersection is 90° with an inclined plane forming 45° angles 

to the lateral walls of an external corner. The value of the load P and the initial velocity of 

specimen v0 are varied (Fig. 1,a).  

The analysis of computational results allows us to determine the combination of v0 and P 

values, which can provide successful passage of the specimen through channels (region II in 

the diagram, Fig. 1,b) 

   

 a b 

Fig. 1 - (a) The initial position of the specimen and the geometry of the channels; 

(b) The diagram of the DCAP process of copper specimen 

Y

X

Z

P

v
0

0

0,5

1

1,5

0 50 100 150 200

L
o

a
d

 P
, 

G
P

a

Initial velocity v0, m/s

succeed failed locked

I

II

III



Symposium-15: A Probabilistic Approach in the Numerical Simulation... 

 

 

-1740- 

Diagram in Fig.1,b is divided into three regions: in the region I the specimen is locked, the 

region II corresponds to the successful passage of the specimen through the channels, the 

region III corresponds to the unstable passage and destruction of the specimen. The value of 

the minimum load providing the successful passage of the specimen through the intersecting 

channels is equal to 0.4 GPa. The growth of the initial speed does not noticeably result in the 

successful passage of the specimen at the values of P<0.4 GPa; there is a border between 

zones I and III in the right bottom part of the diagram characterised by transition from locking 

of the specimen in the channels to locking with partial destruction. With the increase in v0 and 

P, it was determined the top and right borders of zone II above which the successful passage 

of the specimen through the intersecting channels is impossible without accumulation of 

critical level of damages or macro destruction of the specimen (zone III).  

Increasing value P at constant v0 leads to the fact that the specimen stretches more strongly in 

the direction of a longitudinal axis. The average speed of the specimen passing through the 

intersecting channels also increases. As a result, the strain rate increases, the temperature rises 

inside the specimen. In addition, when the P is constant, the increase in v0 also leads to 

elongation of the specimen.  

The analysis of the specific energy of shear deformations shows almost full identity of plastic 

deformation fields in the transverse direction. At the same time, there is a non-uniformity of 

deformation occurring along the specimen, which is especially seen in the forefront of the 

specimen and can lead to the necessity of the multiple specimen passes through the channels 

(Fig. 2).  

 

a 

 

 

b 

 

Fig. 2 - Distribution of the specific energy of shear deformations (kJ/kg) in the specimen: (a) P=0.5 GPa, v0=50 

m/s, t=596 µs; (b) P=1 GPa, v0=50 m/s, t=314 µs. The dimensions are in mm. 

 

It is necessary to notice that the maximum values of specific energy of shear deformations are 

reached in surface layers of the specimen due to the interaction with the walls of the channels 

(Fig. 2,b). Melting of the material can take place in these areas. 
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CONCLUSION 

Numerical investigation is conducted in the three-dimensional statement for the copper 

specimen deformation processes during DCAP. The diagram of the DCAP process is obtained 

for the copper specimen in coordinates v0 - P (initial velocity of the specimen - pressure 

applied on a rear surface of the specimen). The computational results show that the increase in 

the rate of the specimen deformation and initial velocity of the specimen leads to the 

lengthening of the specimen in a direction of a longitudinal axis, the temperature and 

microdamages growth. 
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ABSTRACT 

This work compares SPH and MLSM approximation in high speed impact modelling. Direct 

approximation of differential equations and weak variational formulation were analysed.  

Numerical testes for different node distribution were made. It is shown that in both cases the 

direct use of approximation formulas to the corresponding equations does not allow to 

achieve at the same time energy conservation and the correct calculation of the acceleration 

field in general. 

Keywords: SPH, MLSM, meshless methods. 

 

INTRODUCTION 

Smoothed particle hydrodynamics (SPH) [1] is a popular numerical meshless method of 

hydrodynamics and solid mechanics. It is simple in realization, robust and able to treat large 

deformations with fragmentation efficiently. SPH is based on kernel approximation with 

smooth finite kernel function. Moving least square method [1] is other numerical meshless 

method, which uses least square method to build approximation of spatial derivatives on 

arbitrary set of nodes.  

Basis of SPH [2] approximation is equation  

 ( ) ( , )i if f x W r r h dV≅ −∫
r r r

  (0.1) 

where h is smoothing parameter, which define a radius of fluency for points, x
r

- is a space 

coordinate, W - smoothing function. 

Spatial derivatives are defined via: 

  , ,( ) ( , )
i

i if
f f r W r r h dV

x
α α

α

∂
= ≅ −∫

∂
r r r

 (0.2) 

Corresponding to (0.2) particle approximation is written as: 

  , ,

i k
i k ik

k
k

f m
f f W

x
α α

α ρ

∂
= ≅ ∑

∂
 (0.3) 
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where , , ,k k k kr f m ρ
r

- radius-vector, approximated function value, mass and density at k-th 

point, ( ),
,

,ik k iW W x x hα α
= −  and h - smoothing parameter. 

SPH approximation (0.3) has C
0
 consistency [3], and some techniques were developed to 

restore particle consistency [3-5]. It leads to improved approximation, but in general approach 

stays the same. 

 

MLSM uses approximation with minimal L2 norm: 

 ( )( )2

, mink k P P k P

k

V f f f r rα α α− − − =∑  (0.4) 

Eq. (0.4) lead to simple approximation of first order: 

 ( ),
P P k k P

k

f T f r rα αβ β β= ⋅ −∑  (0.5) 

where  

 ( )( )
1

P k P k P

k

T r r r rαβ α α β β

−
 = − −∑  

 (0.6) 

Summation is carried out over the nodes located near the node P: 2k Pr r h− <
r r

. 

Both approximations lead to simple and robust numerical techniques for modeling of elasto-

plastic flows.  

Equation of motion of elasto-plastic media has form: 

 ,ij jvρ σ=
r&   (0.7) 

If described approximations are used to calculate divergence of stress  
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and first order approximation is used for calculation of time derivative of velocity: 

  
1n n

n

v v
v

t

+ −
=

∆

r r
r&  (0.9) 

we have forms of SPH or MLSM method. 

It is shown [6] this approximation has some disadvantages for impact modeling. First of one 

is nonsymmetrical nodal forces. In SPH we start with approximation: 

 , ,
P k Pk k
ij j ij j

k

W Vσ σ= ∑  (0.10) 

 ,
Pk P P P k Pk k

j j
k

F m v V W Vα α ασ= = ⋅∑&  (0.11) 

 , ,
P k Pk k k P kP P Pk kP

j j j jV W V V W V F Fα α α ασ σ⋅ ≠ − ⋅ ⇒ ≠ −  (0.12) 

Therefore momentum conservation is lost and some correction should be made to restore it.  

Simple way to restore momentum conservation is to perform some symmetrization of 

approximation:  

 ( ) ,
Pk P k P Pk k

i ij ij j
k

F V W Vσ σ= ⋅ + ⋅∑  (0.13) 

It can be treated as numerical analog of eqation of motion in form: 

 ( )( ),

1
1i ij j ij jv σ σ

ρ
= + ∇&  (0.14) 

In MLSM this method is usefulles, becouse of MSLM approximation of (0.14) is: 

 ( ) ( ) ( ), 1P P P k P k P
ij j ij j j ij ij

k

T r rβ β βσ σ σ σ+ ∇ = ⋅ + −∑  (0.15) 

One can see Eq (0.15) lead to nonsymmetrical interparticle force: 

 ( )( ) ( )( )P P k P k P k k P k P k
j ij ij j ij ijV T r r V T r rβ β β β β βσ σ σ σ+ − ≠ − + −  (0.16) 

and reason of this asymmetry is the fact that correction matrixes k
jT β  and P

jT β  are different in 

general and there is no way to guarantee their equality. This matrixes depends on nodal 

distribution, wich is moving with media during impact.  



Symposium-15: A Probabilistic Approach in the Numerical Simulation... 

 

 

-1746- 

The second problem is calculation of acceleration at constant [6] press. Even for symmetrized 

equations we have: 

 ( ) , ,2P P k P Pk k P Pk k
i ij ij j ij j

k k

v V W V V W Vσ σ σ= ⋅ + ⋅ = ⋅ ⋅∑ ∑&  (0.17) 

The summ in eq.(0.17) is not zero, if nodal distribution is not symmetric with respect to node 

P. If we test SPH code with analitiacal solutions at cubical particle displacement or with high 

ratios of smoothig length to inerparticle distance, we have near correct calculated acceleration 

at constant stress field, but if we try to calculate strong shock waves, at front of wave nodal 

distribution is strongly nonsymmetic, and acceleration calculation loses accuracy.  

Third problem is energy conservation: we need global conservation of energy, but are trying 

to build local approximation of stress divergentia and velocity gradients, while all this values 

must be linked.  

  

If approximations are applied to weak variational formulation of equations of motion: 

  0i i ij ij ij i j
V V S

v v dV dV P u dSρ δ σ δε δ+ + =∫ ∫ ∫&  (0.18) 

and SPH or MSLM approximation used to calculate deformation rate tensor ijε

 

and its 

variation ijδε , then we obtain other form of SPH and MLSM method. In this case energy and 

momentum conservation are satisfied by construction but problem of incorrect acceleration 

calculation with constant stress field is still persist. It is important, that at computer realization 

of method we usually perform numerical tests for initially "good" conditions: nodes are 

placed at cubical mesh, they have equal masses, densities and volumes, shock wave 

propagation is tested on 1D problem, with small /h x∆  ratio (when SPH/MLSM becomes 

equal to finite difference method). This lead to good tests, but high speed impact is not "good" 

task from this point of view.  

 

RESULTS 

 

Table 1 - Comparison of SPH and MLSM 

 Energy 

conservation 

Momentum 

conservation 

Correct acceleration 

with constant stress 

SPH 
divergent - + - 

variational + + - 

SPH, restored 

particle consistence 

divergent - - + 

variational + + - 

MLSM 
divergent - - + 

variational + + - 
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In case of uses of weak variational formulation approximation must satisfy Gauss theorem to 

calculate accelerations of nodes correctly, but SPH and MLSM does not, and therefore, both 

method have troubles with acceleration calculation when gradient of density present or when 

nodes are placed asymmetrically.  

Procedure of particle consistence restoring, used in SPH, introduces a correction matrix, 

calculated at each node to build 
1C -approximation, but numerical integration and numerical 

differentiation in this case are not consistent. It should be noted that well known conditions 

for zeroth- and first-order completeness in 
3ℜ  for ( ),W x h

r
 are not sufficient to satisfy 

numerical Gauss theorem, and corrections of Liu's type [3] or Krongauz-Belytschko [4] or 

Randles-Liberskiy [5] does not satisfy Gauss theorem too. Special kind of smoothing 

functions [7, 8] satisfy discrete conditions for zeroth- and first-order completeness without 

special corrections, but doesn't satisfy numerical Gauss theorem, this corrected kernels still 

have inequality: 

  , ,
P P k k

P V k SV S

f dV f V f S fdSα α α α
∈ ∈

≈ ≠ ≈∑ ∑∫ ∫   (0.19) 

CONCLUSION 

While Galerkin approach provide clear framework to derive discrete equations with energy 

and momentum conservation, and special kernel or corrections guarantee first order of 

accuracy, there is a lack of final accuracy of SPH and MLMS due to inconsistency of 

numerical integration and numerical differentiation procedures. This inconsistency is 

expressed in violation of the Gauss theorem, and for Galerkin approach this violation is 

important, because basis of approach is weak variational formulation of equation of motion, 

which involves integration of gradients of velocity. To avoid such loses of accuracy a 

meshless approximation satisfying the Gauss theorem should be developed. 
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ABSTRACT 

This work compares the mechanical behavior of alloys with influence of grain size 

distribution on the in a wide range of strain rates. Constitutive model was proposed for 

describing the inelastic deformation and damage of alloys with face centered cubic and 

hexagonal close packed structures and distribution of grain sizes. It was shown that the 

dependences of the yield stress on logarithm of normalized strain rate for aluminium and 

magnesium alloys with a bimodal distribution of grains and coarse-grained alloys are similar. 

The yield stress at room temperature of the magnesium and aluminium alloy increased on 10 - 

15 % in comparison with a coarse-grained alloy if the volume fracture of the UFG grains is 

close to the percolation threshold. 

Keywords: grain size, high strain rates, light alloys, bimodal grain size distribution, strength, 

ductility, ultrafine-grained alloy, aluminium, magnesium. 

 

INTRODUCTION 

In recent years, the interest in the question of the impact of grain structure on the mechanical 

properties of metals and alloys increased continuously. Technologies of severe plastic 

deformation (SPD) allow creating an ultrafine-grained structure with a unimodal and bimodal 

distribution of grain size in metals and alloys.  

By improving the Electron Backscattering Diffraction (EBSD) method was received new data 

on the texture formation and the evolution of a grain size distribution in coarse grained and 

ultrafine-grained metals and alloys under different impacts (Cayron, 2006, Sakai, 2014, 

Tiamiyu, 2016). 

It was shown that nanostructured and ultrafine-grained metals and alloys have excellent 

physical and mechanical properties significantly superior the strength over their coarse-

grained counterparts (Valiev, 1991, 1993, Herzig, 2008, Skripnyak, 2012, Garkushin, 2015, 

Li, 2017).  

Steels and alloys with a bimodal grain size distribution demonstrate a unique combination of 

high yield and ultimate strength with satisfactory plasticity (Pozdnyakov, 2007, Malygin, 

2008, Valiev, 2010, Dapeng, 2011). These materials are becoming increasingly important in 

the development of advanced construction techniques. 

The influence of the grain size distributions on mechanical behavior of metal alloys at high 

strain rates and intense dynamic effects are not studied systematically. It was shown the 
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influence of average grains size on the yield stress at compression and tension was established 

earlier for aluminium, titanium, and magnesium alloys. 

It was found that with a decrease in the average grain size of metals and alloys to less than 

several microns, the flow stress at room temperature of metal alloys is increased, but the 

elongation to fracture is reduced (Prasad, 2009, Valiev, 2010, Dapeng, 2011). Light alloys 

with a bimodal grain size distribution possess a negative strain rate sensitivity of the yield 

stress and higher ductility at quasi static loadings (Fan, 2006, Ahn, 2008). Cracks growth 

resistance in UFG alloys with a bimodal grain size distribution increases due to deflection of 

microcracks on borders between UFG and coarse grained (CG) regions. Distribution effect of 

grain size on the mechanical behaviour of light alloys at high strain rates have been 

investigated insufficiently. 

The aim of this study was to obtain estimates of the impact of the distribution of the grain size 

on the mechanical behavior of the alloys in a wide range of strain rates. 

 

COMPUTATIONAL MODEL  

Mechanical behavior of coarse grained and ultrafine-grained polycrystalline alloys can be 

described by the constitutive equations with explicit accounting for the effective grain size 

(Herzig, 2008, Skripnyak, 2012, Lim, 2011). Constitutive equations developing in the 

framework of continuum damage mechanics is convenient to use for solution of dynamic 

problems (Herzig, 2008, Skripnyak, 2012, Wang, 2013). 

The constitutive equation can be used in the form 

(m) (m) (m) (m)

ij ij ij ij ij(D), p Sσ = σ ϕ σ = − δ + ,          (1) 

where σij is components of the Cauchy stress tensor, p is the pressure, Sij is components of the 

deviatoric stress tensor, the superscript m indicates the condensed phase of the damaged 

material, φ (D) ≈1 - D is the function of damage, and D is the damage parameter. 

The local damage parameter D is introduced to the material particle of a continuous medium or 

of a representative volume of the material: 

f

n
t eq

n0
f

D dt
ε

=
ε∫
&

     (2) 

where 
n n n 1/2

eq ij ij

2
( )
3

ε = ε ε& & & , 
n

ijε&   is a components the inelastic strain rate tensor, 
n

fε  is a strain to 

fracture, tf is a loading time. 

The bulk inelastic strain rate can be calculated by relation: 

n

kk

1 D

3 (1 D)
ε =

−

&
& ,     (3) 

where symbol «·» denote the time derivative. 
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The pressure is calculated by equation of state (McQueen, 1960, Fomin, 2004). The deviatoric 

stress is calculated by the equation: 

ij

(m) n

ij ijDS / D t 2 (e e )= µ −& & ,    (4) 

where D/Dt is the Jaumann derivative, µ is the shear modulus, 
ije&  is the deviator of the strain 

rate tensor, and 
n

ije&  is the deviator of the inelastic strain rate tensor. 

The deviator of the inelastic strain rate tensor is written as: 

n n

ij ij eq eqe (3 / 2)[S e / ]= σ& & ,       (5) 

where 
(m) (m) 1/2

eq ij ij[(3 / 2)S S ]σ =  is the equivalent shear stress.  

The plastic deformation of metals and alloys depends on the strain, the strain rate and the 

deformation temperature. Therefore the flow stress can be written as: 

( )n

s s eq eq
   ,  ,T  σ = σ ε ε& ,       (5) 

where ε is the true strain, 1/2
eq ij ij[(2 / 3) ]ε = ε ε& & &  is the equivalent true strain rate, and T is 

temperature. 

The yield stress can be predicted using the modified Zerilli -Armstrong constitutive model for 

alloys with Face Centered Cubic structure (FCC), Body-Centred Cubic structure (BCC), and 

Hexagonal Close Packed (HCP) structure (Zerilli, 1992): 

1n1/2 p

s s0 6 g 5 eq eq a

1 3 4 eq b

[C d C ( ) ]exp[ Tln( / )]

C exp[ C T C Tln( / )]

−σ =σ + + ε − ε ε +

+ − + ε ε

& &

& &
 (HCP alloys),                    (6) 

or            

1/2 p 1/2

s s0 6 g 2 eq 3 b

1/2

4 r eq r 7 eq a

C d C ( ) exp[ C (1 ln / ln )T]

C [ (1 exp( / ))] exp[ TC (1 ln( / ln ))]

−σ =σ + + ε − − ε ε +

+ ε − −ε ε − − ε ε

& &

& &
 (HCP alloys),      (7) 

1n1/2 p

s s0 6 g 5 eq 1 3 4 eq eq0C d C ( ) C exp[ C T C Tln( / )]−σ =σ + + ε + − + ε ε& &  (BCC alloys),         (8) 

1/2 p 1/2

s s0 6 g 2 eq 3 4 eq eq0C d C ( ) exp[ C T C Tln( / )]−σ =σ + + ε − + ε ε& &  (FCC alloys),             (9) 

where C1, С2, С3(dg), С4(dg), С5, С6, C7, n1, εr, aε& , bε& are material constants, T is the 

temperature of loading in Kelvin, dg is the average size of grains. 

Estimation of effective grain size dg in ultrafine-grained alloys or alloys with a bimodal 

distribution of grains sizes requires a detailed analysis of the grain structure of the alloys. 

Grain size distribution in steels and metal alloys can be determined by Electron Bakscattering 

Diffraction (EBSD) method. The EBSD map of the grain size after ECAP of 1560 aluminium 

alloy is shown in Fig. 1. Studies of the grain structures was carried out by EBSD method 

(DOE) using the electron microscope Tescan Vega II LMU (Moskvichev, 2016). 
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Fig. 1 - EBSD maps of the grain structure of aluminium alloy 1560 (a) as-received condition, 

(b) after 4 cycles of groove pressing technique 

Analysis of the distribution of grain size of metallic alloys have shown that there are several 

characteristic types of distributions: unimodal, bimodal and multimodal distributions. 

Unimodal distribution of grain size in metals can be described by the formula log normal 

distribution (Berbenni, 2007): 

g g m 2

k g

ng n

ln(d / d )1 1
f (d ) exp[ ( ) ]

2 S2 d S
= −

π
,    (10) 

where dg is the grain size, dg m is the median grain size of the distribution and Sn is the 

standard deviation in a number weighted grain size distribution. 

The distribution of the grain sizes of aluminium alloy 1560 (a) for as-received condition, and 

(b) after after 4 cycles of groove pressing technique is shown in Fig. 2. 
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Fig. 2 - Distribution of the grain sizes of aluminium alloy 1560: (a) - as-received condition, 

 (b) - after 4 cycles of groove pressing technique 
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The Weibull distribution function can be used for description of the unimodal distribution of 

grain size in metal alloys (Skripnyak, 2012, 2014, 2015): 

g gb 1 b

k g 0

d c d cb
f (d ) f [ ] exp[ ( ) ]

a a a

−− −
= + − ,    (11) 

where dg is the grain size, b is the shape parameter, a is the scale parameter, and c is the 

location parameter of the Weibull distribution function. 

The bimodal or multimodal probability density function can be presented as sum of 

probability density function of coarse grains, fine grains, and ultra fine grains: 

 

m m

g k k g k

k k

f (d ) f (d ), ,
= =

= λ λ =∑ ∑
1 1

1

 (12) 

where dg is the grain size, fk(dg) is the unimodal probability density functions of grain size 

distribution, λk is weighting coefficients. 

A multimodal distribution of the grain sizes of aluminium alloy 1560 after 4 cycles of groove 

pressing technique is shown in Fig.3  

The specific volumes of UFG (with grain size 50 nm < dg < 1 µm fine grains (1 µm <dg<10 

µm), and coarse grains (10 µm <dg< dg max) are described using probability density functions 

f1, f2, f3 of UFG, FG, and CG grain systems, respectively: 

 = = =∫ ∫ ∫
max
g

min
g

1μm 10μm

d

UFG 1 FG 2 CG 3d 1μm 10μm
C f (x)dx,   C f (x)dx, C f (x)dx , (13) 

where CUFG, CFG, CCG are the volume fraction of ultra fine grains, fine grains and coarse 

grains, respectively. 

Statistical samplings of large and fine grains can be combined into a single sampling. In this 

case, the distribution of grains sizes is considered as bimodal distribution. 
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Fig. 3 - Multimodal distribution of the grain sizes of aluminium alloy 1560 after 

after 4 cycles of groove pressing technique 
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The volume fraction of coarse grains CCG ≈0.363 corresponds to the percolation threshold of 

large grains in the representative volume of the material (Skripnyak, 2014, 2015). 

Metal alloys with the volume fraction of coarse grains in the range 0.363 < CCG <0.637 have 

some similarities with composite materials. The average grain size or the effective grain size 

are used for prediction grain-size hardening of polycrystalline alloys after the pioneering 

research of Hall and Petch (Valiev, 1993). 

The average grain size can be defined for unimodal distributions of grain size and effective 

grain size is used for bimodal or multimodal distributions of grains sizes. 

The average grain size gd  was related to the median grain size dgm of unimodal grain size 

distribution (Zhu, 2005, Gollapudi, 2012): 

    
2

g gm nd d exp(S / 2)= ,     (14) 

where dg is the grain size, dgm is the median grain size of the distribution and Sn is the 

standard deviation in a number weighted grain size distribution ( See Eq. (1)). 

The effective grain size dg eff in a bimodal grain structure can be determined by the relation: 

1 1 1

geff CG gcg UFG gufgd C d C d− − −= + ,    (15) 

where CCG is a volume fraction of coarse grains, CUFG is a volume fraction of ultra fine grains, 

dg cg and dg ufgf are the average grain sizes of coarse and ultra fine grain fraction, respectively. 

Weighted-average grain size (dwt) can be defined as (Dapeng et al., 2011): 

     

N

gwt gi a i
i 1

d d f
=
∑=

,      (16) 

where dgi is the size of grain (i) and f ai is the area-fraction of that grain. 

Strain to failure
n

fε  at quasi static loadings increases proportionally to the inverse of the square 

root of the effective grain size (Lukač, 2011). 

n n 1/2
f st f 0 f g[1 D d ] / (1 )−

εε = ε + − θ ,                              (17) 

where f stε  is the strain to fracture at quasi static loading, f 0 f, Dεε  are material constants, 

r m r(T T ) / (T T )θ = − − , Т is the temperature, Тr =295 К, Тm is the melting temperature. 

The strain to failure
n

fε  at dynamic loadings describes by relation:  

n n
f st f dyn f eq 0 eq 0/ [1 C lg ( / )H( / 1)]εε ε = + ε ε ε ε −& & & & ,        (18) 

where f dynε is the strain to fracture under tension at high strain rate, 1/2
eq ij ij[(2 / 3) ]ε = ε ε& & & , 

1
0 1,0 s−ε =& , Cεf is the constant of material, H(•) is the Heaviside function. 
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The calculated by Eq. (18) values of strain to failure under dynamic loads for the CG and 

UFG aluminium alloys is shown in Fig. 4. The symbols, shown in Fig. 4, are experimental 

data at room temperature (Mukai, 2003). 
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Fig. 4 - The strain to failure
n

fε  at dynamic loadings of CG and UFG aluminium alloys  

 

The deformation to failure of UFG alloys can be determined by the relationship, taking into 

account the distribution of grain size: 

n CG 1/2 1/2 1/2

f g f 2 1 2 g gm g(d ) / A (A A ) / (1 exp[(d d ) / d ])− − −ε ε = + + + − ,   (19) 

2DCG

f 1D (P* T*)ε = + ,     (20) 

where CG

fε is the strain to fracture of coarse grained volume of material, A1, A2, dgm, gd  are the 

material constants, T*=σsp/pHEL, P*=p/pHEL, pHEL is the pressure at the Hugonioy elastic limit, 

D1, D2 are the material constants. 

Eq. (19) takes into account the influence of the grain size distribution on the ductility of steel 

(BCC crystalline structure) and FCC and HCP alloys. Universal dependence of n CG

f g f(d ) /ε ε  

on dg
-1/2

 for aluminium alloy Al 1100, magnesium alloy AZ31, and IF steel is shown in Fig.5. 

Symbols are shown experimental data (Han, 2004, Han, 2006, Fan, 2006, Nicaise, 2011). 

The strain rate sensitivity of flow stress for UFG alloys can be defined as:  

p
eq

1/2s
0 m g

eq 0 T,

d(ln )
m m C d

d ln ( / )

−

ε

σ
= = +

ε ε& &
,    (21) 

where σs is the yield strength, 1/2[(2 / 3) ]ε = ε ε& & &
eq ij ij is the equivalent strain rate, 

1
0 1,0 s−ε =& , m0, 

Cm are the material constants, dg is the average grain size. 
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Fig. 5 - Normalized strain to fracture versus the inverse square root of effective grain size 

The strain rate sensitivity of flow stress versus the inverse square root of effective grain size 

for FCC alloys (cooper and aluminium) and HCP magnesium alloy is shown in Fig. 6. 

Symbols shown in Fig. 6 are experimental data (Zhu, 2005, Skripnyak, 2014). 

The model was used for numerical simulation mechanical response of model volume of alloys 

under tension. Calibration of the constitutive equation is performed using the original data of 

the authors obtained during testing specimens of alloys under the quasi-static and high-speed 

tests (Kozulyn, 2015, Skripnyak N., 2015). Distribution of grains in the specimens was 

changed due to processing by severe plastic deformation (Moskvichev, 2016). 
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 Fig. 6 - The strain rate sensitivity of flow stress versus the inverse square root of effective grain size  
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RESULTS 

We performed a simulation of the deformation and damage of the 3D model volume of the 

alloy in tension at a constant speed within the range of 0.01 m/s to 15 m/s. The coarse grained 

and ultrafine-grained alloys were simulated in a range of strain rates from 0.1 s
-1

 to 5 10
3
 s

-1
. 

The calculated stress vs strain curves of magnesium alloy MA 2-1 is shown if Fig. 7. Stress-

strain curves were calculated at strain rates of 0.1 sec and a temperature of 295 K. 
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Fig. 7 - Calculated stress vs strain curves of magnesium alloy, curves (1) and (2) 

correspond to a unimodal and a bimodal distribution of grain size, respectively 

 

Curve (1) was derived for unimodal grain size distribution with average grain size equal to 40 

µm. Curve (2) corresponds to bimodal grain size distribution. Symbols are marked original 

experimental data of authors. The volume fraction of ultra fine grains was equal to ~35 %. 

The yield stress of the alloy increased on 10 - 15 % in comparison with a coarse-grained alloy 

if the volume fraction of the UFG grains is close to the percolation threshold. 

Calculated dependences of the yield strength on logarithm of normalized strain rate for 

aluminium alloys with distribution of grain sizes are shown in Fig.8. Curves (1), (2), (3) 

correspond to a unimodal coarse-grained structure, unimodal fine-grained structures, and 

bimodal distribution of grain size, respectively. Symbols shown in Fig. 8 are experimental 

data (Hockauf, 2006, Meyer, 2007, Skripnyak N., 2015). 

Results of numerical simulation showed that the dependences of the yield stress on logarithm 

of normalized strain rate for alloys with a bimodal distribution of grains and coarse-grained 

alloys are similar. The obtained results of numerical simulation agree with the experimental 

data. 
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Fig. 8 - Calculated yield strength vs logarithm of normalized strain rate 

 

CONCLUSION 

The influence of grain size distribution on the mechanical behavior of magnesium and 

aluminium alloys in a wide range of strain rates was studied by numerical simulation method. 

The model allows taking into account the distribution of grain size in HCP and FCC alloys is 

proposed. 

The model was applied for 3D simulation of uniaxial tension of ultrafine-grained aluminium 

and magnesium blocks in the range of strain rate 0.1- 10
3
 s

-1
. 

It was shown that the dependences of the yield stress on logarithm of normalized strain rate 

for alloys with a bimodal distribution of grains and coarse-grained alloys are similar. 

Results of numerical simulation are shown that the yield stress of the alloy increased on 10 - 

15 % in comparison with a coarse-grained alloy if the volume fraction of the UFG grains is 

close to the percolation threshold. 
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ABSTRACT 

The deformation and damage of a high chromium steels in a wide temperature range was 

studied by numerical simulation method. A model was proposed to predict the deformation 

and damage of high chromium steels at a quasi-static loading within the temperature range 

from 295 K to 1100 K. The model takes into consideration mechanisms of hardening and 

softening high chromium steels in a wide temperature range. It is shown that the ductility of 

high-chromium steels increases proportional to temperature in the range from 750 K to 1100 

K in connection with the growth of precipitates of α’-phase. 

Keywords: modelling, mechanical properties, elevated temperature, high chromium steel, 

damage, precipitation hardening, α’-phase 

 

INTRODUCTION 

High chromium steels, including oxide dispersion strengthened (ODS) grades are an 

important class of steels with a unique combination of properties - high resistance to aqueous 

corrosion, high temperature oxidation resistance, high strength and ductility, resistance 

against thermal creep, weldability, neutron irradiation hardening effect (El-Genk, 2005, 

Klueh, 2007, Samaras, 2007, Terentyev, 2010, Bonny, 2010). These steels are considered as 

structural material for critical components of Gen IV reactor. The study of the mechanical 

behavior of high chromium steels in a wide temperature range, including in combination with 

radiation and neutron radiation is intensively carried out using experimental methods and 

molecular dynamics method (Samaras, 2007, Terentyev, 2010, Barrett, 2014). 

Terentyev showed the decomposition of high chromium steel into the Fe - rich α and Cr-rich 

α’ - phases takes place under thermal aging (Terentyev, 2010). The fragment of Fe - Cr phase 

diagram steel is shown in Fig. 1. CR-rich α’ - phase is formed at temperatures higher than 748 

K in the process of thermal ageing of high chromium steels (Bonnie, 2010). The formation of 

Cr - rich α’ - phase takes place under irradiation at temperature below the peak thermal aging 

temperature (753 K). This effect can be explained by the acceleration of the formation of α’ - 

phase due to the production of mobile point defects after the collision damage cascade 

(Samaras, 2007, Terentyev, 2010). 

Thus, damage at elevated temperatures is an important impact factor on the mechanical 

behavior of high chromium steels. Precipitates of α’ - and σ - phases causes the hardening 

effect of Fe - Cr steel due to pinning dislocations. 
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The yield strength decreases in the range from 473 K to 1073 K due to reduction of the mole 

fraction of precipitates of the α’- and σ - phases with increasing temperature K (Samaras, 

2007).  

Relaxation of the shear stress in high chromium steel is caused by a combination of multiple 

mechanisms of interaction of dislocations with grain boundaries, boundaries of α - and σ -

phases, oxide, carbide nanoparticles, and defects (Terentyev, 2013, Barrett, 2014). 

The α’-phase is observed to form finely dispersed precipitates in the bulk and does not appear 

to be associated with radiation defects. 

 

            
(a)                                                                           (b) 

Fig. 1 - Fe-Cr phase diagram (a) (Bonny, 2010), and the phase diagram of Fe-Cr steel (b) (Kerley,1993) 

 

The aim of this work is predicting the deformation and damage of Fe-Cr steels in a wide 

temperature range up to 1100 K. 

 

DESCRIPTION OF THE MODEL 

Mechanical behavior at the macroscopic level is described by a system of conservation 

equations (the kinematic equations, equations of conservation of mass, momentum and 

energy), and the constitutive equation in which the relaxation of the shear stress is calculated 

by the dislocation model of plastic flow.  

The constitutive equation is used in the form 

(m) (m) (m) (m)

ij ij ij ij ij(1 D), р Sσ = σ − σ = − δ + ,    (1) 

where D is the damage parameter, σij is the stress tensor components, p is the pressure, and Sij 

stress deviator components, respectively, δij is the Kronecker delta, the superscript m indicates 

an undamaged phase. 

The equation of state for condensed α, γ and ε phases of Fe-Cr steels is used  

x Tp( ,T) p ( ) ( ) Eρ = ρ + γ ρ ρ ,    (2) 

(m) 7/3 5/3 2/3

x 0 1

3 3
p B ( ) (1 (4 B ) ( 1))

2 4

− − −= ⋅ ⋅ ξ − ξ ⋅ − − ⋅ ξ − , 

where ξ = ρ/ρ0, ρ0, γ (ρ) = (γR - 0.5) (ρR / ρ) n - 0.5, γR, ρR, n, B0, B1 are the material constants 

given in Table 1 (Bonny, 2010, Kerley, 1993). 

The density of Fe-Cr steel consisting of a mixture of phases was calculated by relation 
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3

k k

k 1

(T) (T)C (T)
=

ρ = ρ∑     (3) 

where T is the temperature, Ck(T) is the mass fraction of phase k, ρk(t) is the mass density of 

phase k (α, γ and ε phases). 

Ck(T) calculated using by phase diagrams shown in Fig. 1a,b. 

 

Table 1 - The parameters of the solid phases in Fe-Cr steels 

Parameter α-phase γ-phase ε-phase 

ρ0, g/cm3 7.969 8.060 8.430 

B0, GPa 173.0 174.0 182.0 

B1 4.8 4.7 5.00 

γR 1.7 1.65 2.40 

ρR, g/cm
3
 7.873 7.953 8.264 

n 1 1 2 

 

    ET = Cp T,      (4) 

where T is temperature and Cp is the specific heat capacity of phases. 

The ideal mixture model assumes 

 
3

p pk k

k 1

C C (T, p)
=

= ξ∑ ,     (5) 

where Cpk is the specific heat capacity of k-phase, ξk is the molar fraction of k-phase. 

The specific heat capacity for Fe-Cr steel сan be calculated by the phenomenological relations 

within temperature range from 293 to 1115 K (Su,2016) 

4 6 2

p

5 2

p

C 0.4251 2.784e T 1.197e T at 293K T 1023K

C 23.8935 0.05375T 3.0899e T at1023K T 1115K

− −

−

= − + < <

= − + < <
,    (6) 

The components of the strain rate tensor 
ij

ε& are determined by relation 

ij j i
i j

1
( u u )

2
ε = ∇ + ∇& ,     (7) 

where ui is components of the material particle velocity, and 
i

∇  is an operator nabla. 

ij ij ij

1
e

3
ε = θδ +&& & ,     (8) 

where kkθ= ε& &  is the bulk strain rate, ije&  is the deviator of the strain rate tensor. 

The deviator of stress tensor is calculated by the equation 

(m) p

ij ij ijdS / d t 2 (e e )= µ −& & ,     (9) 

where d/dt is the Jaumann’s derivative, µ is the shear modulus, and 
n

ije&  is the deviator of the 

inelastic strain rate tensor. 
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The shear modulus and the Poisson ratio at temperature T calculated by the Hashin -Strikman 

bound (Talbot, 1995). The shear modulus of solid phase were calculated by relation 

( ) ( )c

K 0k d sk sk m m(T) 1- [ 1 A p B T / T  297 K / T  ]µ = µ α + − − ,   (10) 

where c

0kµ  is the shear modulus of a k-solid phase, Ask and Bsk are the constants for a k-solid 

phase, and Tm is the melting temperature of Fe-Cr system. 

 

Poisson’s ratio can be described by the relation 

 k 0k k Tk(T) k T k pνν =ν + + ,    (11) 

where νk is the Poisson’s ratio of k-phase, ν0, kν, and kT are the k-phase constants. We use 

ν0=0.29 and kp=0.0008 for the α-phase of Fe-Cr steel. 

The temperature dependence of the bulk modulus B0k (T) of k-phase can be calculated as 

k k
0k

k

2 (T)(1 (T))
B (T)

3(1 2 (T))

µ + ν
=

− ν
.     (12) 

The damage parameter is calculated by Eq. (2) 

2 30
1

1
1

α
ε α α

α α

−
= − − − − ε

σ −∫
p
eq

'

' ' ps

f s eq' '

eq f s

T Tp
D {exp( C )/[ C H(T T)H(T T )]}d

C T T
,  (13) 

where D is the damage parameter, p pp 1/2
eq ij ij[(2 / 3) ] ,ε = ε ε C1, C2, and C3 are the material 

parameters, 1/2
eq ij ij[1.5S S ] ,σ = p is the pressure, T is temperature, '

sTα - '

fTα
 is the temperature 

range in which there is α’- phase, H (.) is the Heaviside function, and 
σ

eq

p
 is the triaxiality 

stress factor (Kacker, 2015). 

The damage accumulation at the temperature can be represented by a general law that 

accounts for both the growth of defects and nucleation new damages (microcracks or voids). 

The local damage of material particles described by criterion 

D = 1.       (14) 

The yield criterion is used in the form 

eq sσ ≤ σ ,      (15) 

where σs is the yield strength. 

The deviator of the inelastic strain rate tensor is determined be relation 

p p

ij ij eq eqe (3 / 2)[S e / ]= σ& & .     (16) 

The scalar function 
p(m)

eqe&  is defined as sum of parts corresponded to dislocation movements 

and dislocation nucleation near precipitates (Skripnyak, 2016) 
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p p p

eq eq disl eq disl nucle [e ] [e ] ,= +& & &      (17) 

where 
p

eq disl[e ]&  and 
p

eq disl nucl[e ]&  are the inelastic strain rates caused by dislocation movement 

and dislocation nucleation, respectively. 

The inelastic strain rate due to dislocation movements can be described by relation 

(Skripnyak, 2016) 

p

eq d is l m 1[e ] g b vN exp ( G / k T ) ,= − ∆&    (18) 

where g ~ 0.5 is the orientation coefficient, b is the modulus of the Burgers vector, b (α-

phase) ~ 0.248 nm, v is the mean dislocation velocity, Nm is the mobile dislocation density, k 

is the Boltzmann constant, 1n* q

1 0 eq eqG G [1 ( / ) ]∆ = ∆ − σ σ is the activation energy for slip 

systems, ∆G0 ≈ 0.35µb3, n1 ≈ 0.28, and q ≈ 1.34 (Alsabbagh, 2014). 

The inelastic strain rate due to heterogeneous dislocation nucleation described by relation 

(Skripnyak, 2016) 

p

eq disl nucl nucl 0 2[e ] g b N l exp( G / kT)= − ∆&&     (19) 

where 
nuclN& the rate of growth of density of dislocations under nucleation is, 0l  is the 

average size of dislocation loops, ∆G2 is the activation energy of nucleation. 

4

nucl eq eqN (p (2 / 3) ) H[p (2 / 3) *],= + σ + σ − σ&  
t

nucl nucl
0

N N dt,= ∫ &   (20) 

where σ* is the threshold stress of the heterogeneous nucleation of dislocations, H (.) is the 

Heaviside function. 

 

The evolution of mobile dislocation density includes both growth and reduction. The mobile 

dislocation density is described by the relation 

p m
m 0 1 eq

p

0 eq

1 N
N N[f * (f * f )exp( k )],

N*

N N* (N N*) exp( A )

−
= + − − ε

= + − − ε
   (21) 

where N0, N*~2 10
11

 cm
-2

 (Terentyev, 2010, 2013) are the initial dislocation density, 

equilibrium dislocation density under dislocation generation and annihilation, respectively, A 

and k1 are the material constants, f0 and f* are the initial and equilibrium parts of mobile 

dislocations. 

The average velocity of dislocation is described by relation 

eff vv b / B ,= σ      (22) 

where σeff is the critical resolved shear stress on the slip system, Bv = Bv0 / [1 - (v/cs)2] is the 

damping coefficient, Bv0 is the nominal value of the damping coefficient, and cs= (µ/ρ)1/2 is 

the shear sound velocity (Austin, 2010). 

Small Cr clusters and Cr-rich precipitates formed above the solubility limit do provide 

obstacles to dislocation glide (Yang, 2014). Mechanisms of interaction between dislocations 

and radiation-produced defects, such as voids and dislocation loops, are the same in Fe and 

Fe-Cr alloys (Terentyev, 2013). 
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The critical resolved shear stress on the slip system is given as 

eff eq GB bspr dn idσ = σ − σ − σ − σ − σ ,      (23) 

where 
1/2

GB HP gk d
−σ =  is the part of hardening effect caused by dislocation interaction at the 

grain boundary, 
bsprσ  is the back-stress caused by the presence of the various precipitates, and 

dg is the grain size, 1/2

dn 2k b(N)σ = µ  is the part of hardening effect due to dislocation 

substructure creation, id 3 irr irrbk (N d )σ = µ  is a part of hardening effect caused by irradiation-

induced defects, b = 0.248 nm is the magnitude of the Burgers vector, Nirr is the radiation-

induced defect density, and dirr is the defect diameter, kHP, k2, k3, are the material constants, 

(Field,2015).  

Using Orowan-Ashby model 
bsprσ  can be calculated by the relation (Alsabbagh, 2014) 

bspr s s c0.83 bM ln(r / 2b) / [(2 r 1 )( / f 2)]σ = µ π − ν π − ,   (24) 

where µ is the shear modulus of the α-phase matrix (~78 GPa), ν is the Poisson's ratio (~0.33), 

M≈3.06 is Taylor factor, rs is the average radius of cross section of Cr-rich clusters, fc≈ 6.7 

10
23

 m
-3

 is a density of Cr - rich clusters.  

It was assumed that   

t
' ' '

s s t 0 0 s s f
0

r r v (T T )H(T T ) H(T T) dtα α α
== + − − −∫ ,   (25) 

where T is temperature, '

sT 748Kα = , '

fT 1115Kα = , H (.) is the Heaviside function, s t 0r =  is 

an initial value of rs, t is a time. 

The Eq. (23) determines the dependence of yield strength on temperature. The Dependence of 

plastic strain rate on the temperature is described by Eq. (18).  

Eq. (13) predicts the damage of material during plastic flow. The Eq. (21) determines the 

dependence of yield strength on temperature. 

The average grain size of the phases at a temperature T was calculated by the equation 

   
g g0 2d d exp(k t) exp( Q / 4RT)= − ,    (26) 

where dg0 is the average grain size in steel, t is the residence time of the material at 

temperature T, T is the absolute temperature in Kelvin, Q is the activation energy (K J mol
−1

) 

R=8.314 J K
−1

 mol
−1

 is the universal gas constant, k2 is the material constant. 

Eq. (26) was obtained under the assumption on the implementation of an Arrhenius type 

equation of evolution grain sizes under annealing (Barrett, 2014). 

Formation of α’ precipitates due to clustering and segregation Cr atoms under thermal heating 

and irradiation have stochastic nature. 

Constitutive equation was used to predict the yield strength of high chromium steels under 

deformation in a wide range of temperature. We simulated mechanical behaviour of 9Cr-

1MoV, Fe-14Cr-3W-0.4Ti-0.18O (14WT), Fe-14Cr-3W-0.4Ti-0.3Y-0.18O (14YWT) high 

chromium steels. The difference between the values of the yield strength of 14WT and 

14YWT steels was caused by the concentration of nanoscale inclusions of Y2O3 in 

14YWTsteel (Nanstad, 2009). 
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RESULTS 

The calculated curve of the yield strength versus temperature is shown in Fig. 2. The 

experimental data for Fe-Cr steel are denoted by symbols (Nanstad, 2009). Curves 1,2,3 

correspond to 14YWT, 14WT, and 9Cr-1MoV, respectively. 

200 300 400 500 600 700 800 900 100011001200
0

600

1200

 

 

Y
ie
ld
 s
tr
e
ng

th
 (
M
P
a
)

Temperature (K)

 9Cr-1MoV

 Fe-14Cr-3W-0.4Ti-0.18O

 Fe-14Cr-3W-0.4Ti-0.3Y-0.18O

α ' phase 

precipitates growth

1

2

3

 

Fig. 2 - Calculated yield strength versus temperature, symbols are displayed 

experimental data (Nanstad, 2009) 

 

It was assumed Fe-Cr steel the α’-phase concentration increased within the temperature range 

from 750 to 1115 K. Recently, Yang has shown this effect for Fe-14% Cr steel (Yang 2014). 

Therefore, the volume fraction of the Cr-rich cluster fc in Eq. (24) will depend on only the 

temperature.  

In the calculations it was assumed that the steel has been heated to the temperature T and kept 

at this temperature until the formation of the average equilibrium particle size rs of the’-phase.  

Curve 1 and 2 corresponds to 14WT and 14YWT. The simulation results showed close values of 

the softening of these steels in the range from 295 K to 750 K. The softening of 9Cr-1MoV 

steel is less than for 14WT and 14YWT, as the value of the yield strength.  

Thus, the simulation results indicate that the high chromium steels have similar mechanisms 

of plastic deformation in the temperature range from 297 K to 750 K. This prediction agrees 

with experimental results by Praud et al. (Praud, 2012). 

The softening of all considered high chromium steels are increased in the temperature range 

from 750 K to 1100 K. In the model this effect is due to increase of dislocation mobility 

nucleated around the inclusions. This conclusion correlates with results of Bachhav et al. 

(Bachhav, 2014). 

It can be assumed that the increase in particle size of α’ phase under irradiation can reduce the 

effect of thermal softening below 750 K. The effect of irradiation-accelerated precipitation of 

α’- phase in the high chromium steels is introduced into Eq. (23) of the model. However, the 

predicted irradiation hardening is insufficient at the temperature above 750 K. 

Fig 3 showed the calculated strain to fracture versus temperature. Curve 1-2 corresponds to 

14YWT. Curves 3-4 and 5-6 were calculated for 14WT and 9Cr-1MoV respectively. Values of 

the parameter C3 in the Eq. (13) were taken equal to 0.8, 0.95, and 1.1 for 14YWT, 14WT 
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and 9Cr-1MoV steels, respectively. The strain to fracture of all considered high chromium 

steels increased at temperature above 750 K. The slope of the lines is changed when the 

temperature exceeds 750 K. The size of α’- phase (Cr-clusters) at the same duration of heating 

increases the proportionally temperature. 

200 300 400 500 600 700 800 900 1000 1100
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8
 9Cr-1MoV

 Fe-14Cr-3W-0.4Ti-0.18O

 Fe-14Cr-3W-0.4Ti-0.3Y-0.18O

 

 

S
tr
a
in
 t
o
 f
ra
ct
u
re
 

Temperature(K)

1

3

2

4

5

6

 

 Fig. 3 - Calculated strain to fracture versus temperature, symbols 

are displayed experimental data (Nanstad, 2009) 

 

The calculated values of strain to failure of high chromium steels increases proportional to the 

growth temperature in the range from 750 K to 1100 K. These results allow us to predict the 

delay of damage of high chromium steels under a quasi-static tensile at temperatures from 750 

K to 1100 K. 

 

CONCLUSION 

The multiscale approach was used to predict the mechanical behavior of precipitation-

hardened 9Cr-1MoV, Fe-14Cr-3W-0.4Ti-0.18O (14WT), Fe-14Cr-3W-0.4Ti-0.3Y-0.18O 

(14YWT) high chromium steels in the temperature range up to 1100 K under a quasi-static 

loading. 

A model was proposed to predict the deformation and damage of high chromium steels at a 

quasi-static loading at temperature range from 295 K to 1100 K. 

The values of yield strength of high chromium steels decreases faster with increasing 

temperature in the range from 750 K To 1115 K than in the range from 295 K To 750 K. This 

effect is associated with the growth of a' phase precipitates. 

The ductility of high chromium steels increases proportional to temperature in the range from 

750 K to 1100 K. 

The increasing of the average size of α’ phase precipitates under irradiation can reduce the 

effect of thermal softening below 750 K. The softening of high chromium steels are increased 

in the temperature range from 750 K to 1100 K.  
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ABSTRACT 

The understanding of basic laws of seismic process, its migration and trigger effects is an 

actual goal for the Earth sciences. For this purpose, the investigation of critical states 

formation in loaded geomedia is necessary. In the paper, it is shown that the drastic change of 

slope of amplitude-frequency characteristics might be considered as the precursor of large-

scale catastrophic fractures in the main elements of rock mass containing the underground 

openings. 

Keywords: fractal characteristics, fracture, rock mass, damage accumulation, mining. 

 

INTRODUCTION 

Modern net of seismic stations (stationary and temporal) covering the Kuzbass coal basin and 

Altay region register seismic events related as the industrial seismicity every day. The 

correlation between the activation of seismic process and mining is studied in papers [1,2]. 

The understanding of basic laws of seismic process, its migration and trigger effects is an 

actual goal for the Earth sciences. For this purpose, the investigation of critical states 

formation in loaded geomedia is necessary.  

The development of modern numerical methods in geomechanics gives an opportunity to 

create the model of rock mass including the most important structural elements - roof, floor, 

overlying strata and to descript mathematically the evolution of stressed-strain state at mining. 

For this purpose, the system of equations of solid mechanics is applied. The system of 

equations has a mixed type and demonstrate the characteristic features of seismic process 

observed instrumentally and studied theoretically within the theory of self-organized 

criticality with simplified models [3]. 

 

RESULTS AND CONCLUSIONS 

The proposed model of the rock mass has following characteristics: there are 5 bedding 

planes, 1 - the upper-lying strata (siltstone formation), 2 - main roof plane (sandstone 

formation), 3 - immediate roof (mudstone formation), 4 - coal seam, 5 - floor (siltstone 

formation). The initial condition is the gravitation stress field. Mining is made on the depth of 

250 m.  

Since the Drucker-Prager model is applied in the paper, it is useful to analyze the stress-strain 

state in terms of relative Coulomb stresses (1) which show the actual state of the media in 

particular point (figure 1 a, b).  
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σc=τ/(C+αP)               (1) 

where τ - intensity of stresses, C - current value of cohesion, P - hydrostatic pressure. If σc is 

equal to 1, then the stress-strain state is on the yield surface and non-elastic deformation 

occurs. The local loss of elastic stability and transition to inelastic state is accompanied with 

the relaxation of stresses.  

                
(a)                                                                                  (b) 

Fig 1 - The distribution of relative Coulomb stresses in the elements of rock mass: when the coal advanced for 

55 m (a), when the coal advanced for 150 m (b). 

The evolution of the AFC shows the drastic change of the slope when the critical state is 

formed in the rock mass. It occurs when the coal face advance is close to the step of general 

caving. 

(a) (b) 

(c) (d) 

Fig  2 - The evolution of AFC. 
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ABSTRACT 

It is well known that the final stage of macroscopic fracture develops as a catastrophe in a 
superfast blow-up mode. However, the specific features of this stage are well studied only on 
large scales of earthquakes. Of particular interest for fracture prediction are both the stage of 
superfast catastrophic fracture and the mechanical behavior of the medium in the state of self-
organized criticality prior to transition of fracture to the blow-up mode in order to reveal 
precursors of fracture transition to the catastrophic stage. This paper studies experimentally 
and theoretically the mechanical behavior of the medium prior to the catastrophic stage and 
transition to the blow-up mode. 

Keywords: blow-up modes, rocks, earth’s crust elements, fracture. 

 

INTRODUCTION 

Evaluation of durability of objects and structures under loading and reliable prediction of the 
evolution stages of their deformation, including catastrophic fractures, are among the most 
important challenges of mechanics and physics of fracture. An essential feature of 
deformation evolution in loaded solids is the existence of a slow, quasi-stationary stage of 
accumulation of small-scale damage, hardly pronounced. Stress fluctuations in the vicinity of 
such micro-scale defects are extremely small and so is their range of action. As long as their 
concentration is comparatively low, they hardly interact with each other. When it becomes 
critically high (according to Zhurkov’s concentration criterion of crack growth), the cracks 
begin to interact, bringing the loaded medium into a state of self-organized criticality (SOC), 
where all the damaging processes become correlated due to the information exchange via the 
stress microwaves generated by the growing cracks. The process of their coalescence and a 
transition of fracture to the macroscopic level develop as a superfast catastrophe. One of the 
main objectives of this work is to investigate this regime. 

 

RESULTS AND CONCLUSIONS 

The experiment on loading small-sized (marble and artificial marble) specimens was 
performed in a DVT GP D NN tensile compression testing machine (Devotrans, Inc.). The 
specimens measuring 15×15×15 mm were subjected to uniaxial compression at a constant 
load up to their macroscopic fracture. This allowed determining the specimen life span as a 
function of applied load with a concurrent registration of the surface velocities, including 
those during the superfast catastrophic stage. To do so, we used a laser Doppler vibrometer 
(Polytec, Inc.) (OFV-505 laser sensor head and OFV-5000 controller with VD-09 decoder). 
The method of laser Doppler vibrometry allows measuring the velocity within the laser beam 
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spot parallel to the direction of lasing. The laser in the experiment was adjusted perpendicular 
to the lateral surface of the specimen, so the experimentally obtained velocity values 
corresponded to the normal component of the lateral surface velocity. The time resolution 
during the experiments was 20.83 µs (at the recording frequency 48 kHz), the precision of 
measurements allows for registering as small velocity as 0.1 µm/s and the laser spot diameter 
in the gage site was about 50 µm.  

Shown in Fig. 1 is a typical time dependence of the free surface velocity during the transition 
from a quasi-stationary stage of damage accumulation to a catastrophic macroscopic fracture. 
The last stage before fracture is worth noting. It is evident that the lateral surface 
displacement velocity in the stage of catastrophic fracture rapidly increases by three orders of 
magnitude. Actually, only the last 100 ms of the deformation the velocities exceed the noise 
by a factor of 2-3 and could be taken into consideration (Fig. 1a). This stage corresponds to 
the SOC state and stress-strain state (SSS) evolution in the blow-up regime. The last 20 ms 
before failure at the point of time 98.0198 s (Fig. 1b) could be conventionally treated as the 
development of fracture as a macrocatastrophe. During the entire quasi-stationary stage (from 
0 to 97.9 s), the noise from the external impact is comparable in amplitude with the useful 
signal, that is why this stage was not included into analysis (Fig. 1c, d). 

 

Fig. 1 - Temporal dependence of the free surface velocity of the specimen under compression 

In the experiments on investigation of life span of small-sized specimens of marble and 
artificial marble as a function of applied loading, two stages of damage accumulation and 
specimen fracture have been identified - a lengthy quasi-stationary phase and a superfast 
catastrophic stage occupying no more than a thousandth fraction of the total life span, t*. The 
catastrophic stage, as a blow-up fracture mode, has been conventionally defined as a deviation 
from the slow, practically linear, microdamage accumulation in the quasi-stationary stage. Its 
duration has been estimated to lie within 100 - 70 ms. The duration of a sharp increase in the 
surface velocity, where its amplitude exceeds that in the quasi-stationary stage, has been 
found to be 10-20 ms. The velocity amplitudes for the lateral surface in the quasi-stationary 
stage were as low as noise, which is due to the instrument sensitivity. To determine the time 
of fracture transition into a blow-up stage is the primary objective in the study of the 
mechanisms of fracture focus formation and evolution of SSS in the course of deformation. 
Reaching this objective would help predicting the onset of a catastrophic fracture stage. We 
believe the pattern of flicker-noise, caused by multiple microscopic fracture events, to be a 
sufficiently reliable characteristic capable of differentiating the stages of SSS evolution. 
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ABSTRACT 

To study the mechanical response of porous ceramics at mesoscale, first, digital voxel models 

of porous samples were generated and, second, their deformation in compression and simple 

shear was numerically modelled. Two types of pore space morphology were considered 

explicitly: overlapping spherical pores and overlapping spherical solids. For deformation 

modelling the evolutionary approach was applied, that include the nonlinear constitutive 

equations to describe damage accumulation and its impact on the degradation of the strength 

properties of the solid frame. Based on the computer modelling results the influence of both 

porosity and pore morphology on the stress-strain curves and effective elastic and strength 

characteristics is analysed. The calculated results fit well experimental data for zirconia and 

alumina porous ceramics. 

Keywords: ceramics, porous structure, modelling, structure - property relationship, damage. 

 

INTRODUCTION 

Because of the manufacturing process, all ceramics acquire a certain degree of porosity. Of 

special interest are the highly porous ceramics that are widely used as filters, thermal 

insulator, dielectric resonator, catalyst, prosthetics etc. The problems of modeling of porous 

materials can refer to three areas: (i) modeling the porous structure per se; (ii) determining the 

effective properties of porous materials; (iii) direct simulation of deformation and fracture of 

porous materials at different scales. While there is a vast literature devoted to all of the three, 

quite a number of problematic issues still exist. The computational approach is found to be 

promising to solve problems in all three areas. 

A basic problem of the simulation of different materials is the construction of constitutive 

equations describing all aspects of the mechanical behavior of these materials, including the 

deformation response and especially the failure. The constitutive equations must take into ac-

count both the characteristics of local damage accumulation and the pore space evolution in 

various loading conditions. 

The evolutionary methodology developed by the authors (Makarov, 2008) seems to be an 

effective approach to solve this problem. The purpose of this paper is to demonstrate the 

possibilities of combination of a known approach to modelling porous structure of materials 

(a geometrical problem) and a new approach to simulation of mechanical behaviour 

(deformation, damage accumulation and fracture) of porous material mesovolumes. 
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RESULTS AND CONCLUSIONS 

The simulation of inelastic deformation and fracture of porous quasi-brittle media were 

performed by solving the total set of equations in a three-dimensional formulation using the 

finite difference scheme described in detail in (Wilkins, 1999). The modelling of mechanical 

behaviour of the generated model structures of porous materials was carried out for the 

conditions of uniaxial compression and simple shear. Some results obtained in simulation for 

zirconia based ceramics are sown in Fig. 1. 

 

   
(a)    (b)    (c) 

Fig. 1 - The computational results: (a) stress-strain curves for different morphologies and porosity; (b) the 

dependences of reduced effective modulus of elasticity for porous samples in comparison with analytical 

and experimental data (Kulkov et al, 2003); (c) the influence of porosity on the compressive strength of 

porous samples in comparison with experimental data (Kulkov et al, 2003) 

 

This study shows that the evolutionary approach is quite promising for future research of 

effects of complex nonlinear behavior with instabilities of various materials including porous 

ceramics. 
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ABSTRACT 

In this study, the failure probability of a reactor pressure vessel (RPV) subjected to a low 

temperature over-pressurization (LTOP) is evaluated based on the probabilistic fracture 

mechanics (PFM) analysis. The parametric study is performed considering the key parameters 

affecting the failure probability such as Cu content, Ni content, initial RTNDT, and neutron 

fluence. Finally, the effect of key parameters on the failure probability of RPV is investigated. 

Keywords: probabilistic failure mechanics, reactor pressure vessel. 

 

PROBLEM DEFINITION AND ANALYSIS CONDITION 

In 2014, the international round-robin program was opened amongst Asian countries to assess 

the structural integrity of a reactor pressure vessel (RPV) for transients with safety important 

design consideration but relatively low fracture probability. As part of this project, the failure 

probability of the RPV subjected to low temperature over-pressurization (LTOP) is assessed. 

In the present study, the failure probability of the RPV subjected to LTOP transient is 

evaluated using R-PIE, the probabilistic fracture mechanics (PFM) analysis code (Jhung, 

2014). The inner radius and thickness of the employed RPV are 3200 mm and 160 mm, 

respectively. The RPV material is ASTM A533B-1, and the averaged values of thermal 

properties between 20
o
C and 300

o
C are utilized. The temperature and pressure time histories 

for LTOP transient are depicted in Fig. 1.   

 

Fig. 1 - LTOP transient 

In order to investigate the effect of parameters on the failure probability of the RPV subjected 

to LTOP transient, sensitivity analysis is performed considering the key parameters such as 

Cu content, Ni content, Initial RTNDT, and neutron fluence. Table 1 shows the mean values and 

standard deviation (SD) of the adopted key parameters. In the PFM analysis, the distribution 
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of the parameters is assumed as a normal distribution truncated between +3SD and -3SD. The 

∆RTNDT is determined in accordance with the US NRC Regulatory Guide 1.99, Rev.2 (US 

NRC, 1988). The axial semi-elliptical crack with a/w=1/6 is considered, where a and w 

denote the crack depth and crack length, respectively. For the flaw distribution and size, the 

VISA-II model (Simonen, 1986) is utilized.  

Table 1 - Analysis cases for parametric study 

 
Cu content 

(wt%) 

Ni content  

(wt%) 

Initial RTNDT 

(
o
C) 

Neutron fluence  

(x 10
19

 n/cm
2
) 

Mean 0.2, 0.15, 0.1 1.0, 0.8, 0.6 -30, -15, 0 0.02, 0.1, 0.2, 0.3, 0.4, 0.5 

Std. deviation 0.01 0.02 10 10% of mean 

 

RESULTS AND CONCLUSIONS 

Figure 2 shows the failure probability of the RPV with respect to the initial RTNDT. The failure 

probability is represented in log scale. The failure probability increase as the initial RTNDT 

increase, and it shows nearly linear relation with the initial RTNDT. The increasing rate with 

respect to the initial RTNDT decreases with increasing of the neutron fluence. For the Cu 

content and Ni content, similar trends are obtained. However, the increasing rates with respect 

to the Cu content and Ni content do not vary significantly even though the neutron fluence is 

varied.  

 
Fig. 2 - Effect of initial RTNDT on failure probability of RPV  
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ABSTRACT 

Aim: to analyse how CAD/CAM technology is included in the dental education curricula of 

dental schools in Portugal and Spain. Methods: a survey was distributed by e-mail to all 

Professors of Prosthodontics in Higher Education Institutions of Dental Medicine in the 

Iberian Peninsula. Response rate was 48% (total: 12 institutions). Results: CAD/CAM 

technology is covered in the training of future Dentists in the Iberian Peninsula, although at a 

reduced level. Most of students have access to CAD/CAM systems, within the Institution. 

However, in Portugal it is used only in specific situations, while in Spain it is used more 

routinely. The most common CAD/CAM materials used in Portugal are lithium disilicate, 

zirconia and metals. In Spain, it is also used alumina, leucite, feldspathic ceramics and 

composites for indirect restorations.  

Although CAD/CAM technology is taught in different graduation levels in Dentistry, it is 

considered that Portuguese and Spanish graduation level students are not able to use it without 

additional training. In a post-graduation level, there is a difference between students in both 

countries. 

Keywords: education, dental, computer-aided design, prosthodontics, dental materials. 

 

INTRODUCTION 

Computer-aided design (CAD) and computer-aided manufacturing (CAM) have become an 

increasingly popular part of dentistry over the past 25 years.(Prajapati, Prajapati, Mody, & 

Choudhary, 2014) Over this years, CAD/CAM technology has enabled an improvement / 

optimization in oral rehabilitation, providing new production methods and more resistant 

materials used in the dental laboratory and in the dental office for different types of dental 

prosthesis.(Boitelle, Mawussi, Tapie, & Fromentin, 2014)  

The technology is composed by three components: a digitalization tool/scanner to capture the 

form of the tooth, a computer aided design (CAD) software to process data and design the 

restoration, and a computer aided machining (CAM) technology that transforms the data set 

into the desired product.(Beuer, Schweiger, & Edelhoff, 2008) 

CAD/CAM systems can be classified according to the location where the prosthetic work is 

manufactured. There are: chairside systems, used in the dental office; laboratory systems, 

used by the dental technician in the dental lab; and milling centers, that centralize the 

production of the prosthetic framework, after which it returns to the dental laboratory to finish 

the prosthetic rehabilitation. (Beuer, Schweiger, & Edelhoff, 2008) The aim of this research 
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was to analyse how CAD/CAM technology is included in the dental education curricula of 

dental schools in Portugal and Spain, particularly: course type; subjects where it is included; 

lectures classification (theoretical, theoretical-practical or clinical); educational level of the 

syllabus; clinical setting; and Faculty opinion considering Oral Rehabilitation learning. 

A survey was distributed by e-mail to all Professors of Prosthodontics in Higher Education 

Institutions of Dental Medicine in the Iberian Peninsula. Response rate was 48% (total: 12 

institutions). 

 

RESULTS AND CONCLUSIONS 

CAD/CAM technology is widely covered in the training of future Dentists in the Iberian 

Peninsula, although, in average, the graduation courses have less than 5 teaching hours, and 

the post-graduation courses more than 15 hours. Most of students in the university clinic 

already have access to CAD/CAM systems, within the Institution. However, in Portugal it is 

used only in specific situations, while in Spain it is used more routinely in a university clinical 

practice. As for the materials used in CAD/CAM systems, the most common in Portugal are: 

lithium disilicate, zirconia and metals; in Spain, although these are also the most common 

used materials, other materials such as alumina, leucite, feldspathic ceramics and composites 

are also used for the construction of indirect restorations. 

Although CAD/CAM technology is taught in different graduation levels in Dentistry, it is 

considered that Portuguese and Spanish graduation level students are not able to use it without 

additional training. In a post-graduation level, there is a difference between students in both 

countries, being that in Spain, 67% consider that post-graduated students are able to use 

CAD/CAM technology without additional training. 

Within the limitations of this study, it may be considered that the teaching of CAD/CAM 

technology must be optimized, in order to provide our students the tools to keep up with the 

evolution of dental technologies in the dental practice. 
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ABSTRACT 

This research compares the effect of different rotary instruments for finishing (tungsten 

carbide laminated drill or diamond drill) on composite restorations and on the interface 

between enamel and composite. The composite resins used were HRi® (Micerium)-

nanoparticle dental resin and Synergy®D6 (Coltène) nanohybrid resin. Surface roughness was 

evaluated using optical profilometry and studied with SensoScan software 5.3 (SensoTech, 

S.L.). Statistical analysis was performed using IBM SPSS software (v.23) to identify 

significant differences on the roughness surface on finishing and polishing procedures. 

Keywords: composite resins, surface roughness, dental finishing, 3D profilometry. 

 

INTRODUCTION 

The aesthetics and durability of the dental restorations are related to finishing and polishing 

procedures, where special considerations must be made regarding the surface roughness. This 

depends of the grinding or cutting instruments, the composite resin properties and operator 

related factors. Uneven surfaces are more susceptible to plaque accumulation, gingival 

inflammation, periodontal disease, marginal infiltration of restoration and decay.  

A total of 32 extracted human teeth were prepared with a cavity in a healthy surface. They 

were divided into equal groups and restored with the composite resins HRi® (Micerium) and 

Synergy®D6 (Coltène). Then, half of the groups restored by HRi® resin (Micerium) were 

subjected to laminate drill and the other half of the diamond drill. The same was applied to 

those restored with Synergy®D6 (Coltène). Surface roughness was evaluated using optical 

profilometry and studied with SensoScan software 5.3 (SensoTech, S.L.). Statistical analysis 

was performed using IBM SPSS software (v.23). 

 

RESULTS AND CONCLUSIONS 

The quantitative results of the roughness after the finishing and polishing of the samples can be 

seen in Table 1. There were no statistical differences between nanohybrid Synergy® D6 (Coltene) 

resin and nanoparticle HRi® (Micerium) resin. For finishing procedures, the laminated drill 
produces the lower surface roughness in all studied parameters. 

Tungsten carbide (laminated) drill gave a better smoothness and better surface finishing 

procedure. The diamond (extra fine grit) drill shows better behavior when wearing two 
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different substrates simultaneously. The laminated tungsten drill does not work very well in 

two different substrates and it can cause defects in the marginal integrity. The laminate bit 

causes non-homogeneous behavior when it is wearing two different substrates. It should be 

used in such a way that it first reaches the enamel so as to create less friction and avoid 

deformation of the substrate, since it becomes more effective in removing material and 

generating heat. 

Table 1 - Quantitative statistical analysis. 

3D profilometry is effective in surface study, although there are many factors that contribute 

to a variation of surface roughness: sensitivity of the technique, grain size of the drill bits, the 

pressure exerted by the operator, the cooling during cutting, the generated heat, among others. 

More studies are needed to understand an implication of roughness and the creation of 

marginal defects, with bacterial progression, pigment adhesion and, consequently, caries 

recurrence. 
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HRi 
Synergy 

µ=0,121 
µ=0,195 

δ=0,07 
δ=0,08 

p=0,002 
p=0,049 

p=0,003 

Finishing 

Rugositiy 
Laminated bur 

Diamond drill 

µ=0,459 

µ=0,710 

δ=0,14 

δ=0,15 

p=0,774 

p=0,561 
p=0,000 

FFT High 

pass 1% filter 

Laminated bur  

Diamond drill 

µ=0,116 

µ=0,199 

δ=0,06 

δ=0,08 

p=0,010 

p=0,088 
p=0,001 

Finishing 

Rugositiy 

HRi/  Laminated bur 

HRi/  Diamond drill 

Synergy/  Laminated bur 
Synergy/  Diamond drill 

µ=0,470 

µ=0,721 

µ=0,447 
µ=0,698 

δ=0,09 

δ=0,16 

δ=0,17 
δ=0,16 

p=0,888 

p=0,617 

p=0,450 
p=0,987 

p=0,001 

 

FFT High 

pass 1% filter 

HRi/  Laminated bur 

HRi/  Diamond drill 

Synergy/  Laminated bur 
Synergy/  Diamond drill 

µ=0,077 

µ=0,164 

µ=0,155 
µ=0,234 

δ=0,01 

δ=0,07 

δ=0,06 
δ=0,09 

p=0,859 

p=0,040 

p=0,303 
p=0,126 

p=0,000 
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ABSTRACT 

This work presents the potential of thermography in three different areas: engineering, dental 

medicine and painting. It is intended to show the extent of use of this tool by highlighting 

three different universes in which thermography can be used. The first approach shows how 

the technology is built and its functions, the second describes how it can be applied, and the 

third explores how it can be interpreted. 

Keywords: thermography, engineering, dental medicine, artistic creation, painting. 

 

INTRODUCTION 

"Thermography is an imaging technique that allows you to record the distribution of the 

thermal radiation emitted by the surface of the body, transforming it through the laws of 

physics into temperature values. This image technique was introduced in medicine in 1956 by 

Ray Lawson, allowing real-time physiology to be evaluated, namely to monitor skin surface 

temperature "(Vardasca, Ramalhão, Gabriel, 2016: 7) 

Compared to other medical imaging models, also resulting from the recording of the 

electromagnetic spectrum (e.g., scintigraphy, radiography, magnetic resonance imaging, 

echography, X-ray, among others), thermography is characterized as  not being invasive and 

not having side effects such as exposure to nuclear radiation. Additionally, the results are 

almost immediate through recording a simple image that resembles a photograph.  

In terms of its diagnosis accuracy, thermography may replace the use of more invasive 

diagnostic systems, and, for example, it may have very practical applications at the level of 

pain symptoms, namely, orofacial and musculoskeletal pain. Since pain is usually associated 

with processes of muscle tension or inflammation, the temperature in these regions is higher, 

what facilitates the registration of a thermographic image. 

In addition to its technological basis and medical applications, the thermographic image can 

be a stimulus for artistic creation, offering a different view from the reality. Artists, and 

particularly painters, are strongly influenced by the processes of seeing and perceiving the 

real and technological innovations has often the potential for new perspectives, and new 

interpretations of the visible world. The same has happened with the discovery of 

photography, an essential tool for Impressionist painting, or with the cinema that stimulated 

the Futurism and Cubism movements’, or the impact of the virtual image at the present time. 

The thermography allows the reading of the real world through a transformation imposed by 
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the present moment, namely, through the measure of heat, the light, as the reflective qualities 

of the objects. Thus, at each spatiotemporal moment the record of the objects is distinct, and 

each image shows a new transformation. 

This work aims, not only to present the potential of thermography as a tool with several 

applications, including dental medicine, but also to show how it can contribute for artistic 

creation, through the transformation of the real world image. 

 

RESULTS AND CONCLUSIONS 

The conclusions of this work are the following: 

Thermographic image is a useful tool as compared to other types of medical diagnostic 

imaging applied, specifically, in biomechanical areas and sports. 

The practical applications of thermography in the diagnosis of orofacial pain are 

demonstrated, supporting its feasibility as a tool to assess the efficacy of prescribed 

treatments, and to monitor the elimination of the factors that gave rise to pain symptoms. 

Finally, thermographic image provides a different reading of the real world, giving rise to 

images that the human eye does not detect, but which the imagination can construct and, 

eventually, apply it to artistic creation. Art absorbs new perspectives of reality; and art itself is 

transformed by the continuous discovery of new tools that allow the construction of new 

perspectives of reality. 

This work shows how thermography is useful as a medical diagnostic tool, how it is applied 

in the diagnosis and validation of dental treatment, and finally, how the resulting image 

allows a distinctive and stimulating perspective for artists. 
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ABSTRACT 

This work presents the results of the project «Transversal», one scientific and artistic event 

that aims to stablish connections between dental medicine and fine arts. 

Held in 2015, in a partnership between the Department of Dental Medicine and the 

Department of Painting, from the University of Porto, it brought together conferences, 

concerts and art exhibitions that aimed to discuss the interdisciplinary and the transversality 

of these two areas. It also aimed to explore in what way the cooperation between both areas 

could bring positive outcomes for the participants (i.e., teachers, researchers and students 

from both departments). This article presents the results of this project, and shows how 

transversality can be an effective tool to construct new and alternative perspectives of Art and 

Dental Medicine. 

Keywords: transversality, dental medicine, painting, contamination. 

 

INTRODUCTION 

In the field of the Arts, transversality between areas is quite frequent, but this is not the case 

of dentistry. The main objective of the project 'Transversal' was to bridge the boundaries of 

the areas of dentistry and arts based on the idea that research and its practical applications are 

increasingly influenced by parallel universes, distant from those initially envisioned. Einstein 

said that his process of scientific discovery was closer to artistic creation than to classical 

scientific inquiry. In this sense, discovery in scientific fields was associated with processes of 

intuition, imagination and affection, rarely identified in areas such as dentistry or the sciences 

in general. So, what could an artist teach to a dentist, or vice versa? Could art cooperate with 

dental medicine? What results to expect? 

In this context, the “Transversal” project was developed at the same time by the Department 

of Art and the Department of Dental Medicine of the University of Porto, and it aimed to 

draw bridges, synergies and tangencies between both areas, as well as to highlight the main 

differences between both fields, which are not always as obvious as one might at first 

recognize. 

Dentistry needs Design for the development of more ergonomic or even aesthetic tools, 

equipment and prostheses, but from the artists' modes of action, little or nothing seems to be 

needed. However, the Design is directly correlated with the art practice, often assuming that 

the utility of the object will not be essential for its.. Aesthetics, on the other hand, does not 

seem to be confined to a territory of harmonization and equilibrium, like normally the utility 



Symposium-16: Rehabilitation of Oral and Maxilofacial Structures 

 

 

-1790- 

of objects needs. And in this aspect, the Arts’ work as compared to the Designs’ work aims to 

contribute with processes that are more speculative than functional, hoping to add value 

through, unrestrained and unconstrained models of thought. 

 

RESULTS AND CONCLUSIONS 

The results are qualitative rather than quantitative. The researchers of the Department of Fine 

Arts developed a greater knowledge of the research field in Dentistry, appropriating the 

themes and the concepts, and including it in their artistic practice using the same traditional 

technics, like oil or acrylic. Other researchers in Art have incorporated prosthetic elements of 

orthodontics into their personal projects, instead of using classical technics. Three research 

fellowships were also awarded to researchers from the Department of the Arts in order to 

continue the research initiated in the ‘Tranversal’ project. 

The results for the researchers and students of the Department of Dental Medicine were less 

obvious at first, and were less evident. However, it was noticed through a direct interview 

with 50 students and researchers that the processes of artistic creation can be included in the 

research in Dental Medicine. This may occur through the expansion of the perspective held 

about dentistry practice. The study developed by Miguel Pais Clemente, under the 

coordination of Professors Joaquim Gabriel and Afonso Pinhão Ferreira, with the application 

of Thermography to the study the symptomatology of orofacial pain, is an example of this 

expansion. In addition to the Transversal project, the Department of Dental Medicine has 

developed partnerships with other artistic areas, namely,  with the Music Department of the 

Superior School of Music of the Arts and the Spectacle, in order to increase cross-sensitivity 

and expansion of research processes based on creative freedom. 
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ABSTRACT 

This work presents a comparative evaluation between the dental preparation completed on 

teeth assembled in the Frasaco® model and the same in the Phantom® head. It also 

investigated the differences produced in the evaluation according to the type of evaluator: 

senior teacher, a junior teacher and a senior student. There were found more preparation 

inaccuracies in the B group (26 teeth preparation performed in the Frasaco® model assembled 

in the Phantom® head) when compared to A group (26 teeth preparation performed only in 

the Frasaco® model).There were statistical differences between the evaluation performed by 

the senior teacher and the junior teacher (p<0.05). 

Keywords: fixed prosthodontics preparation; dental evaluation; dental preparation errors. 

 

INTRODUCTION 

The training performed in preclinical fixed prosthodontics and the knowledge acquired in the 

theoretical classes are determinant for the manual dexterity developed by the students and 

consequently for the understanding of the essential procedures to the success in the clinical 

practice (Barrero, 2015; Curtis, 2007; Hamil, 2014; Schuster, 2016; Velayo, 2014). 

One of the exercises that must be carried out, with insistence, in the preclinical environment is 

undoubtedly the dental preparation (Velayo, 2014). In this context the most recent literature is 

consensual (Almeida, 2009; Rocha Almeida, 2016a; Rocha Almeida, 2016b). The Frasaco® 

(Frasaco GmbH Germany) offers one of the most comprehensive range of dental simulators, 

study models and training models for hands-on practice in the pre-clinical student acquisition 

competences.  The Phantom® (Frasaco GmbH Germany) head models enable natural 

simulation of workflows across all areas of dentistry, allowing, together with Frasaco® 

models, trainees to work extremely close to conditions in clinical practice. The latter is an 

extremely important fact, especially in fixed prosthodontics acquisition learning curve. In this 

sense, this study aimed to perform a comparative evaluation between the dental preparation 

completed on teeth assembled in the Frasaco® model and the same in the Phantom® head. It 

was also desired to investigate under the differences produced in the evaluation according to 

the type of evaluator: senior teacher, a junior teacher and a senior student. 

The sample consisted of 160 preparations of Frasaco® model teeth made by 80 students of the 

4th year of the Curricular Unit of Fixed Prosthodontics II of the Integrated Master in Dental 

Medicine of the Dental Medicine Faculty of Porto, Portugal. The tooth prepared by each 

student was the 26 for a metal-ceramic crown. The total of 160 preparations of Frasaco® 

model teeth were separated into two groups:  A group (26 teeth preparation performed only in 
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the Frasaco® model) and B group (26 teeth preparation performed in the Frasaco® model 

assembled in the Phantom® head). The evaluation was performed with a double blinded 

procedure. 

The collected data were analyzed with the IBM® SPSS® Statistics 22 (NY Armonk: IBM 

Corp. 2014) program and using the most appropriate techniques according with the nature of 

the variables involved. 

 

RESULTS AND CONCLUSIONS 

The were found more preparation inaccuracies in the B group (26 teeth preparation performed 

in the Frasaco® model assembled in the Phantom® head) when compared to A group (26 

teeth preparation performed only in the Frasaco® model). 

There were statistical differences between the evaluation performed by the senior teacher and 

the junior teacher (p<0.05) which is in accordance with a previous study (Rocha‐Almeida, 

2016a; Rocha Almeida, 2016b). 

With this study the authors intended to contribute with information that helps the medical-

dental community to be aware about the main mistakes made in the Frasaco® models and in 

the Phantom® head models and also to draw attention to the fixed prosthodontics teachers 

about the possible existence of discrepancy in the evaluation performed by evaluators with 

different degrees of training. 

Further studies should be performed in order to analyze other teeth groups, such as the lateral 

(premolars) and the anterior (incisors and canine) and also other tooth preparation (full 

ceramic crowns, inlays and onlays). 
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ABSTRACT 

This study presents two clinical cases in which a more detailed evaluation of the fetal face by 

ultrasound was proposed. These cases were integrated into a study group for determining the 

growth patterns of different facial structures and, consequently, to detect potential anomalies 

that could support an early prenatal diagnosis of facial anomalies. The identification of a 

dysmorphic craniofacial phenotype by prenatal ultrasound may assist in the future the dentist 

in the postnatal application of therapies that may improve the existent physical disabilities. 

Keywords: orofacial abnormalities; dentistry; prenatal diagnosis; prenatal ultrasonography. 

 

INTRODUCTION 

The detection of facial anomalies by prenatal diagnosis may be relevant as a diagnostic 

indicator for many chromosomal anomalies or syndromes (Rotten, 2004). These anomalies 

include, among others, an atypical profile, maxillary hypoplasia, retrognathia and 

micrognathia (Rotten, 2004; Jones, 1997; Merz, 1997). Studying the fetal face is part of the 

routine ultrasound examination during pregnancy (Goldstein, 2010). 

The sonographic evaluation of the fetal face should be performed in the three views of the 

two-dimensional (2D) ultrasound - axial, sagittal and coronal - for obtaining better detection 

rates of facial anomalies (Rotten, 2004). It may also be performed by three-dimensional (3D) 

ultrasound, but the 2D sonographic images can be acquired more easily, quickly, efficiently 

and accurately (Goldstein, 2010). 

The sonographic assessment of the fetal face allows recognizing the growth pattern of facial 

structures during pregnancy and their alterations, when present. For that reason, different 

nomograms have been proposed for the alveolar ridge (Goldstein, 1999), mandible (Chitty, 

1993), philtrum and chin (Gull, 2005), between others. These data may contribute to the 

prenatal diagnosis of syndromes or chromosomal anomalies and support decisions concerning 

the management of the pregnancy.  

The detection of fetal facial anomalies, either isolated or associated with polymalformative 

states of longer survival, allow the planning of specific perinatal and postnatal measures by a 

multidisciplinary team for improving potential physical disabilities (Rotten, 2004).  
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RESULTS AND CONCLUSIONS 

A more detailed ultrasound evaluation of the fetal face was proposed in these cases and 

conducted after informed consent. Both cases presented healthy fetuses with a normal facial 

anatomy, with no subjective anomalies on the shape or size of the facial structures. For that 

study, the midsagittal, coronal and axial planes were acquired by ultrasound to analyze the 

fetal facial profile and measure some facial parameters, such as the maxilla, mandible, nasal 

bone and the philtrum (Figure 1).  

 
Fig. 1 - Two-dimensional ultrasound at 20 weeks of gestation. Midsagittal view of the fetal 

face with an evaluation of the facial profile. 

These clinical cases alert for the relevance of this kind of evaluation for diagnosing facial 

anomalies that can be associated with later problems in speaking, feeding, breathing, and the 

facial profile. An early prenatal diagnosis of these facial anomalies may allow planning an 

adequate multidisciplinary treatment including not only prenatal care and neonatology, but 

also dentistry in early postnatal stages.  
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ABSTRACT 

A piezoelectric energy absorber of PVDF layers was designed and applied in vibration 
suppression of flexible cable structure. The vibration characteristics of the structure, the 
output voltage, and power of the damper were studied by theoretical analysis and numerical 
simulation. The response of the entire system was evaluated under the condition of harmonic 
or impulsive excitation. The optimal thickness of the designed damper was determined by 
theoretical derivation and then confirmed by numerical simulation on three selected non-
dimensional thickness, i.e., 0.1, 0.4 and 1.0, in frequency and time domains. It was 
demonstrated that the optimal non-dimensional thickness is around 0.4. On top of that, it was 
discovered that the optimal thickness remains almost the same value with varying radius-
length ratio in the design.  

Keywords: flexible structure, vibration control, piezoelectric, frequency response. 

 

INTRODUCTION 

With the rapid technological development in aerospace engineering and the increasing need 
for deep-space exploration, the cable-net structure exhibits a great potential in the wide 
application of space structures. But the microgravity environment in space brings a number of 
problems to the utilization of deployable flexible space structures. One of the most serious 
problems is the vibration of the cables in the flexible structures during the deploying process. 
The space conditions, ie., microgravity, nearly-zero damping, and varying thermal load, make 
it quite challenging to efficiently control the vibration. In order to achieve an efficient and 
practical solution to this problem, a piezoelectric damping structure of PVDF thin films and 
an electric circuit were designed. Passive vibration control can be established by distributing 
these piezoelectric dampers to the key positions in the flexible structure. 

In the application of the piezoelectric damper, the PVDF thin film with t in thickness and l in 
length is attached to the flexible cables. The non-dimensional thickness t of the damper is a 
key parameter for the efficiency of the design. Its value will affect the overall effective 
stiffness of the structure and the capacitance of the piezoelectric damper. Therefore, it has a 
significant effect of the efficiency of the design. The PVDF material employed in this design 
has been widely used for sensors/actuators in active damping (Saravanan, 2001). Earlier study 
(Wasa, 2012) showed that the electrical energy output of piezoelectric cantilevers is governed 
by the energy transmission coefficient λ, which depends on the value of length, thickness and 
compliance of a cantilever beam.  
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RESULTS AND CONCLUSIONS 

In the simulation, a single cable was fixed at one end and loaded with a constant force F at the 
other. The computed non-dimensional energy with selected values of thickness and length is 
plotted in Fig. 1(a). 

 

Table 1 - Optimized design parameters for different value of thickness 

Thickness Open(Hz) Short(Hz) R(Ω  ) L（（（（H）））） 

0.1 402.65 402.54 2.2287e+03 1.8648e+05 

0.4 415.26 415.10 7.3289e+03 7.5137e+05 

1 425.66 425.56 1.3961e+04 1.1451e+06 

 

 

(a)                                                                                     (b) 
Fig. 1 - Comparison of the design efficiency with different film-thickness: (a) the non-dimensional 

energy harvested; (b) the displacement amplitude in the frequency domain. 
 

The results showed that the value of the optimal non-dimensional thickness is 0.42. Higher 
value of length may let it store more energy, but not change the optimal thickness value. We 
reached the same conclusion by observing the frequency response of the cable, as shown in 
Fig. 1(b). 
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ABSTRACT 

During the development of vessel devices, it is necessary to test the capability of these 
devices many times in navigation conditions. The high cost of navigation testing and high 
consequence of system failure during an actual mission make the ground-based testing 
important and even essential. A double-axis swing table is a frequently used experiment 
equipment which is able to provide a combined rolling and pitching navigation environment. 
In this paper, the effect of the inertia coupling and eccentricity on the dynamic performance of 
the double-axis swing table was researched. And then the dynamic model was established. At 
last, the simulation was done to validate the dynamics modelling. 

Keywords: swing table, dynamics modelling, dynamics coupling. 

 

INTRODUCTION 

A double-axis swing table is essential for ground-based testing in a navigation condition. The 
double-axis swing table is a multi-body mechanical system composed of three rigid bodies, 
namely, a base, an inner gimbal, and an outer gimbal. The base is connected to the outer 
gimbal by a revolute joint. The inner gimbal is then connected to the outer gimbal by a 
revolute joint.  

Loads of the swing table mainly contains inertia load, gravitation load caused by eccentricity, 
and friction load. All these loads will debase the control precision of a swing table. Aimed at 
the low precision swing table, friction is not needed to be compensated. Therefore, it is not 
considered in the research. However, for the double-axis swing table with large dimension 
and huge load, the effect caused by dynamics coupling and eccentricity is needed to be 
considered. In this paper, the dynamics modelling including dynamics coupling and 
eccentricity is established. By analysis and simulation, effect on the control precision is 
studied. The possible method to eliminate the effect is proposed. The analysis can also 
provide a reference for similar swing table designers. 

 

RESULTS AND CONCLUSIONS 

The study shows that inertia coupling and dynamics coupling between the inner gimbal and 
the outer gimbal cannot be ignored when designing a double-axis swing table. Besides, the 
effect on the outer gimbal is much bigger than the inner gimbal. The reason is listed as 
follows. Firstly, moments of inertia of the non-rotational axis are quite different from each 
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other. Second, moments of inertia of rotational axis of inner gimbal and outer gimbal are 
large. Therefore, objective of the optimization should contain minimum of the moments of 
inertia of the rotational axis of both the inner gimbal and outer gimbal and minimum of the 
moments of inertia of the non-rotational axis of the inner gimbal. 

Eccentricity torque is related to the place of center of mass and the swing situation. The 
simulation shows that effects of the eccentricity torque on rotation of inner gimbal in the four 
quadrants are speeding, blocking, speeding and blocking. Effects of the eccentricity torque on 
rotation of outer gimbal in the four quadrants are speeding, speeding, blocking and blocking. 
Due to large variety of the eccentricity torque, design of balance weight is essential and an 
important way to eliminate the effect of the eccentricity torque on the control precision. 

 

ACKNOWLEDGMENTS 

Thanks are due to Mingxiang Ling for his assistance in simulation. 

 

REFERENCES 

[1]-Liu Yue, Wang Xingqi. Experiment and simulation on coupling action of Three-axis 
Motion Turntable. Aviation Precision Manufacturing Technology, 2006, 42, p.24-27. 

[2]-Huang Weiquan, Liu Wenjia. Research on Coupling Question of Three-axis Simulation 
Turntable. Journal of Projectiles,Rockets,Missiles and Guidance, 2009, 29, p.99-103. 

[3]-Tsay. Decoupling the flight control system of a supersonic vehicle. Aerospace Science 
and Technology, 2007, 11, p.553-562. 

[4]-Liu Yanbin, Jin Guang, He Huiyang. Modelling of three axis simulator and decoupling 
control. Journal of Harbin Institute of Technology, 2003, 3, p.323-328. 

[5]-Feng Ou. The design of the 3-axial centrifuge, 12th International Conference on 
Informatics in Control, Automation and Robotics. July 2015, p.60-63. 



Proceedings of the  7th International Conference on Mechanics and Materials in Design, 
Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 
Publ. INEGI/FEUP (2017) 

-1801- 

 
PAPER REF: 6552 
 
 

AN APPROXIMATE METHOD FOR OBTAINING THE DYNAMIC 
FLEXIBILITY OF TRANSVERSELY VIBRATING BEAMS - 
SUBSYSTEM OF FREIGHT WAGONS 
 

Andrzej Buchacz(*) 

Mechanical Engineering Faculty, Silesian University of Technology, Gliwice, Poland  
(*)

Email: andrzej.buchacz@polsl.pl  
 
 

ABSTRACT 

The main aim of this paper is to compare the transients of characteristics of mechanical 
subsystem of the transverse vibrating discrete - continuous mechatronic system, obtained by 
the exact and approximate method, that means Galerkin’s or orthogonalization methods and 
to answer the question - if the method can be used to nominate the characteristics of 
mechatronic systems. The main subject of deliberation was to determine the flexibility of the 
mechanical system with constant cross section using the exact and approximate methods. The 
problems presented in this paper, that means the analysis of subsystem of mechatronic and 
mechanical complex systems is however the introduction to the synthesis of transverse 
vibrating mechatronic systems with assumed frequency spectrum.  

Keywords: vibration, Galerkin’s method, orthogonalization method, mechanical systems. 

 

METHODOLOGY OF ANALYSIS 

It has to be considered that if the beam is under the action of moment with continuous 

factorization threw the beam length with the value txF ωsin)(  on the length unit - then the 

equation of motion of the element with length  dx lining in the point x is:  

xtxFxAyxEIy
ttxxxx

dsin)(dd
,,

ωρ =+ . (1) 

After transformations the equation (1) takes form of  

tPAyEIy ttxxxx ωsinρ 0'' =+ .                 (2) 

Using approximate method - Galerkin’s one the solution of equation (2) is given in form  
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Substituting the following derivatives of (3) to (2), the amplitude value 
)(nA - after 

transformations - takes form of  

),,(0

)( ωkafPA n = .  (4) 

where: FEIa ρ/= .  

Using the equation (4) and putting it to (3) the dynamical flexibility equals  

),,,,()( ωlxkafY n

xl = . (5) 

In general case the dynamical flexibility at the arbitrary point of the beam gets shape of  
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In case of solving the equation of (2), using orthogonalization method, the deflection ),( txy  is 

a harmonic function, that it is considered to be:  
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(E.g. [1-3]). 

In result of orthogonalization method the dynamic flexibility is given as     
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Comparing the plots obtaining by exact and approximate methods is shown that the poles of 
flexibilities have the same values (compare with [1-3]).  

Analyzing the flexibility charts of free system it has been nominated that there is a mistake in 
approximate method, that is why it is necessary to make the correction of the results obtained 
by approximate method. The correction was made in the same way as in the strengthened 
structure. The dependence on the correction coefficient is following  

,
)(

)(

ω
ω

λ
a

e

Y

Y
=  (9) 

where )(ω
e

Y , )(ω
a

Y  - dynamical characteristics obtained appropriately by exact and 

approximate methods.  

The problems presented in this paper, that means the analysis transverse vibrating beams is 
however the introduction to the synthesis of transverse vibrating complex mechanical and 
mechatronic systems with assumed frequency spectrum.  
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ABSTRACT 

Mechatronics is an interdisciplinary area of engineering that combines mechanical 
engineering, electrical engineering and information technology. The development 
methodology for mechatronic systems supports the creation of innovative solutions, 
improving the reliability and ability of products and reducing their costs. This study reviews 
some projects (as case studies) that were undertaken by the authors in the area of 
mechatronics applied to the mechanical, textile, biotechnology and biomedical fields. 

Keywords: mechatronics design, industrial solutions, case studies. 

 

INTRODUCTION 

The VDI 2206 (2004) proposes a practical guideline for the systematic development of 
mechatronic systems. The innovation potential of the technologies and the functional and 
spatial integration of the technologies represent a major benefit potential of mechatronics. The 
following case studies were undertaken by the authors under the scope of national Portuguese 
financed R&D projects, which enabled the design and development of innovative devices and 
equipments, within a mechatronics framework, capable to meet the initial needs and 
requirements. 

 

DESIGN OF DIFFERENT MECHATRONIC SOLUTIONS 

New alternative mechanisms for controlling the feeding systems of industrial sewing 

machines - The sewing process has been studied at the University of Minho since the early 
1990’s, involving research staff from the departments of Textile, Mechanical and Electronics 
Engineering. Several “sewability” testers designed and developed specifically for this purpose 
were used, where the performance of needles, presser feet, feed dogs, fabrics and sewing 
threads could be assessed during high speed sewing. These analyses led to a better scientific 
understanding of the sewing process and enabled the design of new monitoring, actuation and 
control systems. One of these devices was implemented to the presser foot bar of an overlock 
sewing machine to improve the performance of the fabric feeding system (Carvalho, 2012). 

Evaluation of the mechanical system to produce file cutting edges in an industrial machine - 
This project involved a well-known company in the area of files production and it enabled the 
study of the whole mechanical system and the redesign of the cam-follower mechanism (that 
produces the alternative motion of the cutting tool to generate the file cutting edges) using an 
adequate measurement system and specific actuation devices to ease the setup of the 
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production machine and to provide a good operating performance (Seabra, 2012). 

Friction testing devices - The first one of these devices is the FRICTORQ®, a laboratory 
equipment developed to measure the friction coefficient in fabrics and other non rigid 
materials, also enabling a quantitative assessment of touch/handle. This device is protected by 
the Portuguese Patent Nº. 102790 and it has a working principle based on a rotary action, 
measuring, therefore, the reactive torque generated by the drag between two bodies in relative 
motions (Vasconcelos, 2013). The second one is a linear testing device, which can measure 
surface roughness of the tested samples using a laser triangulation sensor. 

System and method for on-line monitoring of beer primary fermentation based on UV-

VISSWNIR spectroscopy - This project gathered R&D staff from the largest beverages 
company in Portugal and the departments of Biological and Mechanical Engineering from the 
University of Minho. It is based on UV-VIS-SWNIR spectroscopy and it includes a fiber-
optic probe and a universal probe adaptor specially designed for industrial fermenters; a mini-
spectrometer; a software specially developed for multivariate calculation of fermentation 
parameters, and a graphical interface (Rodrigues, 2013). 

Medical devices for wrist rehabilitation - An ongoing project directed to the design and 
development of specific devices to carry out the rehabilitation of the wrist. A new type of 
Powerball® device has already been developed, which includes sensors, a data acquisition 
board and a human-machine interface to control the rehabilitation process. Presently, a new 
active and passive device is being designed, which can be coupled to a stabilization system to 
ease the passive rehabilitation of the wrist at an initial stage of rehabilitation (Seabra, 2013). 

 

FINAL REMARKS 

This abstract briefly reviewed the solutions achieved by the cross-domain cooperation for the 
development of mechatronic solutions. For the sake of completeness, the involved phases, the 
developments undertaken, the tests and the final obtained outcomes for each one of these 
projects will be detailed in the full paper and presentation. 
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ABSTRACT 

This paper describes in detail how was developed the study of the handling ball system in the 
ambit of the Middle Size League (MSL) competition, and the final purpose is to implement 
the developed system in the Minho Team robots. Beginning with the study of the state of the 
art, analyzing the systems already in use by other MSL teams, and taking in consideration the 
limited time to develop a completely new system, do a process of inverse engineering with 
base in the dutch team system, TechUnited, which was considered as the best option. 

Taking the system above mentioned as the starting point, it was only used as base to develop a 
theoretical study. After several years developing their own system, they needed to conclude 
which factors have more significance and knowing which factors are important to develop the 
study the best way and quickly as possible. After the theoretical study, an analysis of the 
control system for the mechanical design to Minho’s Team case has been taken place. 
Posteriorly the mechanical system was simulated and it was found to be the more appropriate 
solution to the studied case. The simulation was done using SimWise 4D software, iterating 
the parameters of the system and simulating until a good response of the system was verified 
for all the cases, considering them as the ones with the most importance and necessity. 
Concluding, all the variables that may be considered to the overall final design as well as the 
control final equations are presented. 

Keywords: inverse engineering, handling ball systems, robotics. 

 

INTRODUCTION 

Middle Size League is a robotic football league that began in 1997. Since the beginning, one 
of the greatest challenges of the teams that participate in this league is designing a system 
capable of handling the ball well enough to perform simple and complex movements. 
However, as in many other competitions, there is a regulation that dictates the rules of the 
game. Regarding the mechanism that handles the ball the regulation states that: 

- The ball handling must be done holding only one third of the balls’ diameter; 
- During the reception, it’s allowed holding the ball till half of its’ diameter; 
- Any mechanical system for ball handling is allowed as long as it is safe; 
- During the ball handling, the ball must have a natural rolling movement over the floor 

(ball dragging is not allowed). 

Obviously, the main objective of this system is to receive the ball and maintain it during the 
maneuvering movements of the robot while satisfying the rules presented above. Many teams 
did their process of developing this system with the goal of obtaining the best solution 
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possible, being this solution composed by two handles with electric motors on their end 
further away from the robot, a system that we named “Grabbers”. To achieve the solution 
used today, many years of study were required, so, from that state of the art, designing a 
solution for our robot and studying the best control system will be the main objective of this 
article. 
 

RESULTS AND CONCLUSIONS 

In the end, after all the study work developed we can conclude that in terms of system control, 
the angular speed imposed in radians to the grabbers will be given by expressions 1 and 2: 

��� �
2��� cos�45º�����√2���

��
�

�������

180
 (1) 

��� �
2��� sen�45º�����√2���

��
�

�������

180
 (2) 

Expression 1 would be for the left grabber and expression 2 for the right grabber. In these 
expressions   refers to the translation speed of the robot given by the parameter LS, DS is the 
angle of the component LS relating to the front of the robot,   corresponds to the angular 
rotation speed of the robot relating to itself given by the parameter RS, lastly, the functions 
f(PpE) and f(PpD) represent the adjust function regulated by the handle angle, this function 
was created and studied in the simulation of the mechanical mechanism. From this simulation, 
we can calculate all the different parameters in the scheme of figure 1. 

 

Fig. 1 - Scheme of the parameters used in the SimWise 4D simulation model 

Based on the calculated values, the final design will be developed as well as its’ 
manufacturing process so that we can obtain the desired system in the simplest and 
economical way, incorporating the system then on the robot performing the necessary tests 
achieving thus the design validation. 
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ABSTRACT 

Despite the evolution of electric drives and their undeniable advantages, hydraulic systems 
play an important role in today's technologies. Due to the ability to operate enormous power 
densities, industrial hydraulics are irreplaceable when large forces and binaries are required. 
Its importance can be characterized by the economy it represents and by the development 
potential associated with scientific interest. This paper summarizes the technologies used in 
the production of oil-hydraulic power, seeking to identify the trends of development and the 
research opportunities that come from the demands of the current developments. 

Keywords: oil-hydraulic, fluid power, efficiency, digital hydraulic. 

 

INTRODUCTION 

The production of hydraulic power comprises the transformation of electrical energy into 
hydraulic energy just as it is necessary for the actuators. The technology to perform this 
transformation in the most efficient way possible has been the subject of research over the 
years. The quality of the hydraulic power supplied to the actuator is part of the central 
concerns in the oil-hydraulic power unit projects. 

Although the performance of the hydraulic components is individually good, the overall 
efficiency of hydraulic systems is generally low, as pointed out by (Heikkilä and Linjama, 
2013) and (Linjama and Vilenius, 2005). According to the study by (Love et al., 2012), the 
energy consumed in the USA in the fluid power sector in 2011 was between 586 and 849 
TWh, producing 308 to 380 million tons of CO2/Year. Oil-hydraulic and pneumatic systems 
have an average efficiency of only 22%, in which the mobile oil-hydraulic contributes 21% 
and the pneumatic with 15% as reported by the same author. 

According to the US Census Bureau, in 2008 the annual turnover in fluid power was over 
$244 billion providing more than 750,000 jobs. Considering that the US economy is 1/3 of the 
world economy (Stelson, 2011) there is a significant economic and scientific potential 
development. 

 

RESULTS AND CONCLUSIONS 

Resistive or throttling control is the most common way to control hydraulic actuators, 
(Linjama et al., 2015). Since it is a dissipative control process, its efficiency is very low, as 
documented by (De Negri et al., 2014) and (Xue et al., 2016). The dynamics and low cost of 
hydraulic power units with resistive control make this type of technology widely 
implemented. 
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Volumetric control systems have been implemented instead of resistive control systems when 
there is increased concern about energy savings., (Heitzig et al., 2012) e (Liermann, 2013). 

Volumetric control based on frequency inverters has been widely used for energy savings in 
hydraulic power units in recent years (Sugimura and Suzuki, 2012). The advantages 
associated with the use of variable displacement pumps can be achieved with fixed pumps and 
speed motor control. However, this type of technology has a reduced dynamic due to the 
dedicated control that is associated. 

The concept of Digital Hydraulic Power Management Systems (DHPMS), seeks to meet the 
market demand for ever more efficient hydraulic systems. In order to compete with 
electromechanical systems, DHPMS must have high efficiency, dynamics, competitive 
implementation costs and widely studied control systems. 

Research has shown that the total efficiency of DHPMS systems can reach 80% (Heikkilä et 
al., 2010). These values vary considerably with the working pressure. However, according to 
the same author, as the working pressure increases, the volumetric efficiency decreases and 
the hydro mechanical efficiency increases. 
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ABSTRACT 

Textile materials are very difficult to handle and process. In the sewing industry, most 
processes rely on human hand, being extremely difficult to automate. The relations between 
material properties, machine configuration and adjustment and the resulting process 
parameters are also very complex. In this work, an instrumented lockstitch sewing machine is 
used to study the variation of thread tensions during high-speed sewing of shirts. The 
objective is to shed light on the principles that may allow for an automatic setting of the 
machines depending on sewn materials, besides providing tools for real-time process control. 

Keywords: sewing, thread tensions, lockstitch, garment manufacturing. 

 

INTRODUCTION 

Garment manufacturing or, in general, the processing of textile products by sewing them 
together, is a very complicated process. This fact is not obvious at first glance, but a closer 
look at the process reveals that, due to the flexible, often extensible nature of the materials, 
their handling is a procedure that in almost all cases requires human hand. Furthermore, 
setting the machines for the huge variety of materials used is another task only accomplished 
by experienced sewing technicians. Machine configuration and adjustment is an empirical, 
time-consuming process that represents significant time considering that textile industry has 
been constantly moving away from mass-production to small orders with varying materials 
and styles. Ideally, machines should be able to set themselves up when fed with data 
regarding the material properties and desired process parameters. They should also be able to 
adapt themselves during operation and detect defects and malfunction automatically. 

This research has been carried out by several researchers, like Stylios (1996) who set down 
the principles of intelligent sewing machines. Within our research team, previous research has 
been carried out on thread tensions, material feeding and needle penetration forces in overlock 
machines (Carvalho, 2008). This paper describes current work on the behaviour of thread 
tensions in an industrial lockstitch sewing machine. 

 

EXPERIMENTAL WORK 

An industrial PFAFF 1053 lockstitch machine has been instrumented with a thread tension 
sensor plugged to a signal conditioning circuit which in turn connects to a National 
Instruments PCI-MIO-16E-1 data acquisition board (although known as thread tension, the 
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parameter measured is actually a thread pulling force). A software application has been 
developed in Labview allowing the acquisition and processing of the resulting signals. 

Thread tension is imposed to sewing threads by a device called a tensioner. This device 
consists of two disks between which the thread passes. A spring holds the two disks together, 
the pre-tension of this spring can be adjusted and is called in this context static thread tension. 

In the current experimentation, thread tension waveforms throughout the stitch cycle are 
being analysed with varying parameters such as: Static thread tension adjustment, number of 
fabric layers, mass per unit area and thickness of fabric, needle size and sewing speed. A 
typical sewing waveform of thread tension in one cycle is represented in Fig. 1. 

 

Fig. 1 - Thread tension over one stitch cycle with low, normal and high static thread tension 
adjustment. Amplitude of main peak reflects the adjustment 

It has been found that most of the signal processing results match the expected behaviour, 
although some aspects have to be studied in further detail and can provide clues to an 
understanding of the principles of automatic set-up and control. Detailed results and 
conclusions will be presented in the full paper. 
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ABSTRACT 

This work proposes a new Multi-Material Direct Laser Sintering/Melting additive process 
(MMDLS/M) for the production of Multi Material components with materials gradations - 
Functionally Graded Materials (MMFGMs). An additive layer-by-layer process was used, 
which is ideal for MMFGMs, since by design, material is only added where is strictly and 
functionally needed, minimizing waste and enhancing the overall properties of the component 
being built and theoretically imposes no restriction on the shape being built, being highly 
customizable, which makes it ideal for applications in many industries such as medical, 
aeronautical, etc. Moreover, this process encompasses a wider perspective of the global 
methodology of a component’s production, since the physical phenomena occurring during 
these processes have a strong impact on the quality of the produced parts, so special focus has 
been given to the design and manufacturing stages, with a closed-loop control to apply 
corrections to the deviations between the model and the printed part. As the technology did 
not fit the customization and freedom requirements associated with this process, an equipment 
was designed and built, recurring to the agile development method. 

 Keywords: multi-material, FGMs, laser sintering. 

 

INTRODUCTION 

In that sense, multi material components with materials gradations in between - Multi 
Material Functionally Graded Materials (MMFGMs) emerged as a good solution to this 
problem. The great interest on using MMFGMs is the possibility of controlling composition 
or structure and thus obtain components with desired local properties, as regarding 
mechanical, tribological, thermal properties, and others (Carvalho et al., 2015). MMFGMs 
have successfully been used to produce thermal barrier coatings, gas turbine blades, chemical 
reaction vessels, cutting tools, bio-implants and thermoelectric components (Mortensen, 1995; 
Mortensen, 1997; Sasaki, 1991). According to the literature, MMFGMs can be produced by 
different techniques such as: PVD (Physical Vapour Deposition), Laser Clading, Wet Powder 
Spraying, among others (Udupa, 2014; Miyamoto, 2013). These techniques present several 
limitations related with the kind and number of different materials being used, their 
properties, in particular coefficient of thermal expansion, as well as the final geometry of the 
component. In that context, this work proposes a combination of the MMFGM concept with 
the additive manufacturing (AM) techniques. The great advantage of the AM techniques is 
that it allows to build components with complex geometry. There are multiples AM 
techniques, depending on the material’s specifications. In order to produce metallic 
components, the most well suited AM technique is direct selective laser sintering (SLS) and 
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selective laser melting (SLM). Currently, these techniques use only one type of raw material 

and not a combination of different ones. At the same time, for polymers there are already 

some equipments that use multiple materials, on a filament basis mainly, which allows to 

produce components with different polymers in different areas, but not a continuous gradation 

of composition. The present work aims to apply the multi-material concept for metal and 

ceramic materials, using the SLS process, adding the possibility to build FGMs.     

 

RESULTS AND CONCLUSIONS 

The new MMDLS/M process proposed imposes the following requirements: flexibility, full 

control of the design and manufacturing parameters, and adaptability, as a means to provide 

customization, functionality and multi-material part building specifications, which the 

currently available technologies do not meet. To surpass these difficulties an equipment was 

designed and built, recurring to the agile development method. This method is based on an 

effective way to handle complexity, using the minimum set of requirements to accomplish the 

task, and encompasses more general concepts of abstraction and modularization, resulting in 

the decomposition of the system in terms of its abstract layers. The key idea behind this 

decomposition is that the hardware is the means to effectively do the job, and uses as a brain a 

microcontroller with a built-in software (firmware) that acts as an interpreter to respond to 

instructions derived from the geometric data and process parameters (customized G-Code). 

As the parameters are specific to this process so needs to be the language conveying the 

information (customized G-Code) and consequently the interpreter generated (firmware). The 

interpreter then needs to be implemented once in the microcontroller and then the software 

layer will be responsible to provide the meaningful data for correct process actuation, yielding 

the desired results. 
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ABSTRACT 

The “mechanic’s ear” is a special aptitude developed by trained car technicians that allows the 
detection of problematic behaviours in cars, based mostly on the perceived sounds from the 
rotating motors, either idle or in motion, and wheels, shafts, bearings and other parts during 
driving conditions. An instrument able to emulate this sonic information usage through 
quantification and digital processing could be advantageously used at car repair shops, either 
by helping the trained mechanic with objective data but also by allowing some diagnostics to 
be performed by operators with limited skills. The data base of identified and registered 
malfunctions is still limited, but is growing and will allow more detailed problem diagnostics 
in the near future. The device is simple to use, robust and low priced, in order to be handled at 
the floor shop by limited training users, withstanding some rough manipulation and with a 
cost low enough to not be considered the very special piece of equipment reserved for a small 
number of operators. Its use is intended to be such as that almost any employee with a 
minimal knowledge should be able to operate it in reasonable conditions and the collected 
data usable either for direct diagnostic and/or recording for further work.  

Keywords: car, sound, diagnostics, automobile repair workshop. 

 

INTRODUCTION 

Currently it is possible to find on the market equipment that automatically performs a series 
of diagnostics for vehicles (built from 1996) and managed by the manufacturers through their 
representatives or independent, with generic application for most brands, but developed in 
collaboration with car manufacturers themselves. One of the best known is the VAG-COM 
system [VAG-COM, 2014], a diagnostic system developed for vehicles of the brands 
Volkswagen, Audi, Seat and Skoda. Connecting a cable to the onboard computer of the 
vehicle the OBD plug ("On-Board Diagnostics"), this system allows access to information 
from the sensors present on the vehicle and the registered error situations, thus identifying a 
large amount of faults. 

Within this type of equipment it is possible to find a wide range of models and specifications 
for the vast majority of car brands [UOBD2, 2014]. This diagnostic method was introduced 
during last century 80’s through the incorporation of warning lights in case of malfunction of 
a vehicle’s component. Currently, due to the introduction of more sensors in cars, there is a 
great amount of accessible information, which led to the creation of a set of codes that 
identify the different faults [OBD-II, 2014]. This type of equipment have as a major 
advantage the fact that allow to sense quickly and in a simple way, a large number of 
breakdowns and faults in automobiles. Their main drawback is that based the diagnosis on the 
information provided by various sensors, which can lead to diagnostic errors if the sensors are 
not working properly, although some kind of malfunction diagnostics is included. 
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There are also some devices on the market that allow detection of air leaks using ultrasounds 
[Superior AccuTrak, 2014]. These devices transform the air escape on an audible sound thus 
allowing the user to find their origin. The developed "all-in-one diagnostic system of 
automobile maintenance and repair support" is designed to bring together, in a single device, 
the capability to record relevant data, for both sound and image, with signal processing 
capabilities for objective diagnostics. 

 

RESULTS AND CONCLUSIONS 

The developed prototype was made available 
for use in car workshop environment (Fig.1). 

The project objectives were achieved: the 
prototype complies with the specifications of 
desired use, is a device with reduced costs and 
it can evolve for a product family of narrower 
application (only image or sound), or for more 
sophisticated systems such as niche 
applications in competition, in quality control 
and others. Although the collection of samples 
of defects is still beginning and well under the 
desirable numbers, the device is already able 
to achieve 80% of valid diagnostics. 

A set of suggestions and modifications were proposed and included whenever feasible and 
compatible. The latest version was chosen to be installed in various car repair workshops 
shops in addition to the "Lúcio Machado, Engenharia e Serviços". The next step, upon 
receiving the larger set of test results from the car workshops, will be worked to allow a better 
validation and include a broader set of identifiable malfunctions to enrich the operating scope. 
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Fig. 1 - The Sound Recording setup in operation 
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ABSTRACT 

Heterogeneous polymers, because of their viscoelasticity and because of the presence of hard 
and soft segments in their structure present specific behaviors like shape memory effect 
(SME). In the field of shape memory polymers, there are a lot of research works showing 
different aspects of this behavior. In the present study a review of shape memory polymers 
(blend and rubbers) with their specific properties will be presented. In this review, some new 
concepts regarding certain aspects related to shape memory effect will be shown. 

Keywords: shape memory effect, partial shape memory effect, rubber, blend, recovery. 

 

INTRODUCTION 

A review of the literature gives a great deal of valuable information [1-3] about the shape 
memory polymers (SMP); however the answers to a number of serious and foremost 
questions are still shrouded in mystery. Recently certain new concepts for shape memory 
polymers have been proposed (4-5). Some of these concepts can be presented as follows: 

Property Memory Effect (PME), Partial Shape Memory Effect (PSME), Micro-Structural 
Shape Memory Effect (MSSME), Microshape changes and shape memory effect. It is usually 
common to consider shape memory effect (SME) as macroscopic and visual shape changes. 
However, this effect may be observed also in certain cases when the shape change is in a 
microscopic scale. For example, in the following cases, one can see the effect of shape 
memory: Elasticity, Shrinkage, Swelling, heat expansion, etc. 

 

RESULTS 

i) Property Memory Effect (PME) 

Stress-strain tensile tests and mono and multi-frequency DMA (dynamic mechanical 
analyzer) tests on virgin and 100% recovered samples of PU (rubber) revealed that the 
polymer at the end of the shape memory tests regains 100% of its initial form without 
regaining some of its physical properties like glass transition temperature, tensile modulus, 
heat expansion coefficient and free volume fraction (table 1). 

The change of certain properties after recovery test even when the shape memory polymer 
(SMP) regains 100% of its initial shape, may be related to the microstructure irreversible 
changes. This microstructure changes may induce the microchange of volume, which cannot 
be regained after recovery test. In study of SME, generally, the authors measure the 
macrochange of volume. They do not do attention on this microchange of volume. In fact in 
macroscopic scale the microchanges cannot be measured and they are neglected. 
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Table 1 - Some properties of virgin and recovered PU 

PU 
Tg 
(K) 

Young modulus 
(MPa) 

Stress at 
100% strain 

∆α 
Free volume 
fraction (fg) 

Virgin 318.5 165 20 5.5 10-5 0.0301 

Recovered (100%) 314 128 17.4 5.2 10-5 0.0326 

 

ii) Partial Shape Memory Effect (PSME) 

After recovery tests on a stretched sample of the majority of the polymers, they regain only a 
certain percentage of its initial shape. The (DSME is defined as parameter showing the 
percentage of initial shape regaining. 

The successive cyclic tensile tests (Figure 1) on partial shape memory polymers (PSMP), 
show that the degree of shape memory effect increases by increasing the number of cycle. 
This test also showed the shape capacity of polymer increases by the number of cycles (table 
2). This increase is related to the increase of residual stress in the sample. This new concept of 
shape memory effect is of very important value. We can in a legitimate way suppose that a 
polymer without shape memory effect can be transformed into a shape memory polymer. 

 
Fig. 1 - Real stress versus real strain (tensile tests) at 
the beginning of each cycle of shape memory tests at 

70 °C. (1) First cycle; (2) Second cycle; (3) Third 
cycle; and (4) Fourth cycle. 

 

 Table 2 - Evolution of shape memory effect 
during multi-cycle shape memory test cycles 
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ABSTRACT 

Data communication is essential in any mechatronic system or product. It allows for devices 
to communicate with one another, for a more efficient and self-regulating system. To 
effectively rely on the communication between devices, the communication must firsts be 
tested and evaluated for errors and correct data transmission. Sensors and sensor data 
addresses can easily be switched and when a device is communicating with another, it is 
imperative that the correct sensor data is transmitted when a slave device receives a signal to 
do so. If this condition is not verified, the master device could be receiving wrong signals and 
coincidently sending alerts or warning messages to the user. In more extreme cases the device 
can enter an emergency shutdown situation and fail to restart. 

The objective of this work is to study, design and develop a software device that allows the 
user to simulate, evaluate and verify the Modbus communication between the Platform 
Management System (PMS) of a ship and the main equipment on board. The PMS is the 
onboard static master device that displays all the received data to the ship’s captain for 
analysis. This work focuses in particular on a ship's generators, where the available signals 
will be assessed. The signals, stipulated in the equipment’s specification documents, are 
transmitted directly from the equipment and are then received by the PMS. The PMS and the 
onboard equipment are programmed by various entities, of which, can all make mistakes 
while programming and therefor, the sensor and warning names and messages are not 
coherent with the corresponding values.  

Keywords: modbus master, modbus slave, RTU, serial, Arduino slave, generator set. 

 

INTRODUCTION 

The idea of a master Modbus program was to be able to fix in advance the possible 
programming errors and / or assembly errors that otherwise could only be detected in the final 
stages of the ship’s completion when testing the equipment altogether, and possibly leading to 
a delivery delay and therefor an increase cost in labor and fees. The program also allows for 
direct importation of a signal formatting text file which the program uses to format the signal 
data before displaying it to the user. Also, it allows for data logging, the user can monitor the 
signals over time in a graph and save them for a later analysis. 

A plethora of background information needed to be used and understood for the completion of 
this project. The Modbus protocol (Modicon, 1996) was intensely studied in order to allow for 
correct understanding of how the protocol works as well as how to use it. The Arduino IDE 
software was used to program the Arduino microcontroller (Arduino, n.d.) to simulate the 
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generator set operation. The LabVIEW platform (Aprenda Sobre O LabVIEW: Introdução à 
Programação Gráfica No LabVIEW) was used to create the master program and produce the 
Modbus session using low level communication blocks. Excel® macros were also used to 
create a uniform text file with all the signal names and formatting information from the 
various manufacturer datasheets available. A generator set was also studied in order to create 
a generator set simulator that can be correctly modeled and programmed. 

 
RESULTS AND CONCLUSIONS 

The Arduino was programmed with some sample signals from the generator’s datasheet and 
the Modbus RTU protocol was implemented using a Modbus library (Sarmento, 2015). 
Physical connections had to be made to the computer’s serial connection and to other 
peripheral devises that would change the signal magnitude. The Arduino generator slave was 
tested and debugged using a simple Modbus master program (elbar, 2016) which would 
display the communication packets. 

NAVAL MB Master is the name of the program created for this work. Initially, the program 
was planned to consists of basic functions for communication. The program was then created 
in the LabVIEW platform and more functions were added as individual modules or sub Vis 
that could also be useful to the program. These were individually tested and debugged before 
being implemented into the program. Modbus libraries were searched to facilitate the 
implementation of the Modbus protocol The program was exposed to rigorous testing using 
the generator set simulator to verify that all functions were operating as previously planned. 

The program, when tested and presented to the shipyard was a success. All the functions and 
functionalities implemented into the program were working as expected. According to 
Alexandre, an electrical engineer, “The demonstration shown, seemed to display that the 
program had the potential to meet our expectations, but real field tests could not be completed 
due to the unavailability of the equipment.” 

It was a very gratifying and rewarding experience to be able to communicate with a 
“homemade” Modbus slave device over the Modbus protocol and have information flow in 
both directions. This idea could be expanded to control everyday appliances at home, a home 
security system, backyard sprinklers, etc. Numerous difficulties were encountered while 
completing the project, but were all overcome. Various work continuation ideas were also 
thought of that could later be employed in the program. 
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ABSTRACT 

Motion control is a common task in a number of mechatronic design systems. However, it is 
not always easy for the students to understand the relation between the mathematic models in 
Matlab® and the real system on the desk bench. In industrial control curriculum, the 
knowledge to find optimal PID parameters that makes the system reaches the setpoint in a 
short period and become stable with a near zero error, is still difficult to achieve. For this 
purpose, a hands-on experience is crucial to make the difference. This article presents the 
development of a servomotor control operated through a manual reference, using an external 
tuned PID controller. The controller was implemented in LabVIEW, on a windows computer 
that communicates with the motor driver through a data acquisition board. The setpoint is 
defined using an angular piezoresistive touch pad sensor (donuts type). By moving the finger 
across the sensor, the motor copies the movement features, same speed, same starting and end 
points, thus it can be used in classroom as an experimental setup. 

Keywords: motion control, positioning, LabVIEW, piezo resistive sensor. 

 

INTRODUCTION 

Process control is a relevant matter in the scope of engineering curricula, either mechanical, 
electrical and chemical. However, it is not always easy to make the students successful 
understand the contribution of each one of the PID controller constants (Pb - proportional 
band, Ti - integral time integration, Td - derivative time). The best that usually is at hand, is a 
“youtube video”, which does not allow any interaction, or a Matlab Simulink simulation, 
which produces only a screen animation. This strategy is being reinforced due to easy access 
to computers in class room. However, these models are frequently far from the reality, 
presenting a virtual interaction that does not cope the real environment (Feisel e Rosa, 2005). 
Haugen and Wolden also state these simulators do not give the “real-time” neither the 
dynamic of the experience since they run at a different time duration, being able to finish the 
experiment in just a few moments but lacking reality (Haugen and Wolden, 2013). Thus, 
hands-on learning is a fundamental component of engineering curricula, complementary to 
other competences, like: problem solving, critical analysis of experimental data and 
familiarization with industrial equipment. As the experimental work is usually made in group, 
it also contributes to develop the ability to work together as a team. Additionally, the 
motivation factor that comes from successfully be able to translate theoretical concepts and 
models into practical, makes this approach quite rewarding (Davies, 2008).   

This work presents the development of a servomotor control operated from a touch surface 
(donuts shape), in a way that the motor follows the fingers movement over it, with the same 
speed, starting and ending point. 
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EXPERIMENTAL SETUP 

The motor control setup is composed by a servomotor (Omron, model R7M-A20030) a drive 
R7D-AP02H, a data acquisition board (National Instruments, NI-6221) and a computer 
program developed in LabVIEW, Fig. 1. 

In the windows interface it is possible to adjust the PID control parameters and follow the 
time evolution of the reference, position, velocity and torque of the motor.  

 

Fig. 1 - Servomotor desktop bench. Servomotor (1), driver (2), donuts type piezoresistive 
sensor (3), data acquisition board terminator (4) 

 

FINAL REMARKS 

The experimentation based on real systems can be a major contribution to master difficult 
engineering topics, by presenting to students’ small mechatronic apparatus enhanced with a 
friendly interface design that they can used to test freely. 

The system presented here enables the user to select the PID control parameters and to 

evaluate the results not only visually, in the computer screen, but also actually feel the 

dynamic of it with his/her own fingers. The authors believe that this kind of hands-on 

experiments can bring fun to engineering and thus improve the learning experience. 
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ABSTRACT 

Input Shaping is a feedforward technology whose reliability to improve the dynamic response 
of linear systems described by Ordinary Differential Equations (ODEs) and particle oriented 
models has been exhaustively proved. This work examines the issue of Input Shaping for 
multibody oscillatory systems whose dynamics is described by differential algebraic 
equations (DAEs).   

Keywords: walking lifts, DAEs, velocity projection method, R-matrix, multibody system 
eigenvalues. 

 

INTRODUCTION 

A walking lift whose payloads hung by both sides of the drum have been chosen as show 
case, this multibody plus multimode system exhibits nonlinear dynamics. Firstly the 
constraint equations corresponding to the drum and the loads traveling up and down have 
been formulated. Thus the Jacobian corresponding to those constraint equations has been 
carried out as the basis to synthesize the customary DAEs. The resulting DAEs in the 
dependent variables have been converted into ODEs expressed in independent variables. The 
state-space jacobian matrix is obtained by numerically integration a motion closed to the 
equilibrium position. This allows to carry out the eigenvalues of such matrix i.e. the flexible 
modes of the multibody system analytically.  

 

RESULTS AND CONCLUSIONS 

To verify the reliability of such modes of vibration the time response corresponding to the 
local axis orientation of each link was collected. Thus the FFT of the time signals allows the 
estimation of the natural frequencies associated to the flexible modes that agree with the 
previous analytical estimation. Input Shapers were calculated for those multimodes of 
vibration by convolving specified insensitive IS-shapers for each mode. 

Several comparisons are presented for the shaped and unshaped responses using the 
multibody model plus a real world hardware set-up. In both cases Input Shaping a type of 
Finite Impulse Response (FIR) Filtering performs well. However the difficulties to prove this 
statement dealing with the multibody model have been overcome by this novel work in the 
field. 
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ABSTRACT 

This work describes all the development of a mechanical design that have been realized for an 
industrial semi device, whose functionality is to apply adhesive tape around a cylindrical body 
with high level of flexibility. With all the study realized it was possible to achieve a 3D 
virtual prototype with the conceptual idea obtained and to determine the critical key issues of 
the device. Those points should be analysed during the testing phase using a physical 
prototype.   

Keywords: mechanical design, process, device. 

 

INTRODUCTION 

Nowadays, the adhesive tape process is a full manual process executed by company’s 
workers. The adhesive tape function is divided in many auxiliary tasks, like as: the separation 
of the adhesive tape from its original base paper, it’s position  around revolution axis of 
cylindrical body and the pressure applied during this last process. During all this process it is 
necessary to ensure that adhesive tape is successful and efficiently applied, otherwise the final 
product will not be accepted by the final customer. This whole process is associated with 
several specifications related to the adhesive tape as the different number which can be 
applied, the different positions of them, the different values of adhesive tape’s width and the 
distance between the different exemplars. In terms of specifications design, these are not 
limited to adhesive tape because the cylindrical body have four different length, the biggest is 
122 % bigger than the smallest body, and have two different values of body diameter, with a 
discrepancy of values around 60 %. 

The “French’s Model of the design process” (Nigel Cross, 1994) was the design methodology 
followed, where a need emergence (by an industrial factory) allowed to study, to structure and 
to develop all mechanical design associated to that necessity. During all study realized, was 
achieved and developed a lot of solutions for each function and sub function of the project 
(seventeen in total), and later the final option was selected according to an evaluation made, 
based on objectives tree which had been built for this project. 

The final design idea is the result of the joint of various sub solutions achieved. Considering 
the final costs of the device, which is one of the baseline present in the objectives tree, the 
teamwork of this project had taken advantage of operator’s presence around the device during 
all the process delegating some tasks to him, especially during the preparation mode, where 
the device is prepared to the continuous operation. 
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RESULTS AND CONCLUSIONS 

Thanks to all the work done it was possible to reach a 3D virtual prototype of the equipment 
which is shown in Fig.1.  

 

 

 

 

 

 

 

 
Fig. 1 - Two different device’s perspective 

 

The main conclusion of this work is that this project is highly complex, as for as that have 
some crucial aspects associated to device which theoretical forecast is very difficult, mainly 
due to the unexpectedness in terms of adhesive tape’s behavior and cylindrical body’s 
behavior, mainly due to his high flexibility. Another question has been put over this project 
that was the stability of conveyor chains, which are responsible for convey the cylindrical 
bodies along the different work stations present on this device. This stability must be checked 
in practice, in spite of all the preventive measures taken as the linear guides, which will help 
to carry the load transported. All this random behavior implies the realization of practical 
tests, with a physical prototype, to check if all the idealized solutions will perform as 
intended, without any constraints.  

As the device has many different functions, it will be more practical to build different small 
prototypes, especially one to test all conveyor system and other one to check all adhesive tape 
applying function. So the next project’s stage is very important to check if this design idea 
obtained is viable or if it is necessary to readjust this initial idea.  

After this stage be completed, the project will come to finish the last task of the methodology 
followed which is the Detailing, where all documentation about this device is defined, 
especially all working drawings and operating instructions manual. 
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ABSTRACT 

This work addresses the field of the artificial devices that replace a missing body limb, 
particularly the prosthesis used upon a transtibial (TT) amputation, also known as ankle-foot 
prosthesis. A major challenge in designing an ankle-foot prosthesis lies in synthesizing a 
mechanism that will functionally mimic the missing part of an anatomical leg and, therefore, 
restoring the normal gait of the amputee. This way, it will be discussed and presented the 
requirements for a TT prosthesis, the steps that lead to the primary sketches of the prosthetic 
model and its main mechanism. This work constitutes a preliminary research in the field of 
the bionic TT prosthesis.  

Keywords: ankle-foot, prosthesis, transtibial, gait. 

 

INTRODUCTION 

The human gait, as part of human’s locomotion, involves the contribution of the whole body 
and the coordination of all the members, especially the arms, legs, and trunk. Thus, a trauma 
(i.e limb amputation) or disease of the musculoskeletal system will affect not only the 
individual’s locomotion but also the physical and psychological health, as well as the 
individual’s social interaction (Winter, 1991).  

Most of the existing commercial transtibial prosthesis are energetically passive without 
actuation, thus unable to provide net power at the joint. To overcome this issue, powered 
transtibial prosthesis are emerging in the research field as a replacement of power generation 
(Singh, 2012). 

The development of the prosthesis in this work, was built upon the research that facilitated the 
design of a proof-of-concept prototype. After the analysis of the bionic feet developed in 
academic environment, it was concluded that most of the TT prosthesis’ mechanism mainly 
focus on the use of motor-screw transmission systems, especially the use of Series Elastic 
Actuator (SEA) (Bellman, 2008; Cherelle, 2014; Herr, 2012). Inspired by the ankle-foot 
prosthesis developed by some members of the MIT, within the Biomechatronics Group, the 
mechanism for our prosthetic model was considered as an elastic actuator, comprising a motor 
and a screw transmission in series with a leaf spring. The motor, the transmission and the leaf 
spring were combined to form a rotary SEA. This actuator will be used to modulate the joint 
stiffness/damping as well to provide the motive power output for active push-off, during the 
human gait cycle (Herr, 2012).  
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Thereupon, the mechanism intended for the ankle-foot prosthesis was well studied, which 
lead to the sketch of its individual components, and the final assembly of the whole 
prosthesis’ mechanism. The outline of the concept was made on a 3D CAD Software.  

 

RESULTS AND CONCLUSIONS 

The model comprises mechanical and electronic 
components, such as a foot part, a leaf spring (in-series) 
to provide adequate actuator shock tolerance, a 
ballscrew that converts rotary motion into accurate linear 
motion, a motor to drive the mechanism accordingly, a 
belt drive transmission to transmit the movement of the 
motor to the ballscrew, and the prosthesis’ housing.  

Subsequently, to obtain the final model, all the 
prosthesis’ components were assembled together, which 
lead to the main mechanism represented in Fig.1. 

 This model will serve as a TT prosthesis concept and a 
continuous work is necessary to improve the design of 
the device. In the future, it will be considered the 
physical production of the prosthesis, with a reduction in 
scale, to be installed on a biped robot, as mechanism 
proof-of-concept. This work represents one of the 
biggest and first steps taken towards the right track for 
the production of a human-like model prototype, in 
Portugal. 
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ABSTRACT 

The present work addresses the challenges of identifying applicable non-destructive-testing 
techniques suitable for inspection and materials characterization techniques for Wire and Arc 
Additive Manufacturing (WAAM) parts. The overall manufacturing process productivity will 
be increased by increasing the yield, driven by the reduction in scrap rate, enabled by in-
process inspection and material characterization. Thus, the main objective of this paper is to 
evaluate the capability for detecting the potential defects that are associated with WAAM. 
During this study, radiography, liquid penetrant inspection and ultrasonic testing were applied 
on reference specimens in order to detect the defects and its location. Then, metallographic, 
hardness and electrical conductivity field analysis were applied on the same specimens for 
material characterization. Experimental outcomes prove that typical WAAM defects can be 
detected by the referred techniques. Also, the blocks characterization using the electrical 
conductivity technique shows that heterogeneities, porosities and interfaces between layers 
can be effectively identified, suggesting that the application of this physical principle to non-
destructive-evaluation has the potential to complement or substitute the generally used 
destructive methods in AM processing. 

Keywords: non-destructive techniques, materials characterization, additive manufacturing, 
wire and arc additive manufacturing. 

 

 
INTRODUCTION 

Additive Manufacturing (AM) is a manufacturing technique in which components are built by 
depositing materials layer by layer. This technique is increasingly gaining a relevant place in 
the manufacturing industry, in different areas and materials. So far, parts in plastic, metal and 
ceramics have been successfully manufactured by additive techniques. Regarding metals, 
laser based AM is already used in industry, particularly for small parts in high value materials 
like titanium and its alloys. However, the potential of AM processes to produce large parts is 
still requiring significant research to reach a reliable industrial implementation. 

Recently, Wire and Arc Additive Manufacturing (WAAM) prove to have potential for the 
production of large scale engineering structures (Williams, 2016). This manufacturing 
technique involves the layered design of a component and subsequent welding deposition of 
the multilayer structure to produce parts, by using the same technologies and equipment as in 
welding. 
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WAAM technology is receiving considerable attention due to the capability of producing 
customized large parts at lower cost, in comparison with other additive manufacturing 
processes (Martina, April 2015). However, an important aspect where research needs to be 
focused in order transfer of WAAM to the industry is to develop or adapt methods to ensure 
the components’ structural integrity. This goal can be reached by allowing in-process non-
destructive testing and repair of defects by layer machining. With the view of qualifying 
WAAM for applications such as structural components, Non-Destructive Testing (NDT) 
systems must be developed, in order to detect porosity levels and lack of fusion between 
layers (Clark, 2011). 

In summary, WAAM manufacturing technique has already proven to be successful for the 
production of large scale engineering structures and it application is expected to grow over the 
next decades. However, research needs to be developed before the WAAM technologies 
become standard, and one of the aspects to address is non-destructive techniques to assure the 
quality of the parts produced. This last topic is the focus of the presented paper. 

 

LITERATURE REVIEW  

Non-Destructive Testing (NDT) can be referred to the techniques used to inspect parts for 
discontinuities and therefore evaluate their defects. These methods obtain information of the 
parts physical properties and imperfections in order to evaluate its condition and/or the 
fabrication process. Application of NDT must be conducted by specialized technicians to 
minimize errors such as failing to detect a defect or a result of a false positive, the incorrect 
use of this methods can lead to critical flaws and possibly structure failure, parts not meeting 
the standard criteria as well as unnecessary costs in part maintenance. NDT has seen a several 
developments over the years due to increasing rates of industrial requirements.  

Integrating NDT with AM faces many challenges such as geometry of the part, surface 
finishing and others. Also, the need for implementation during manufacture as opposed to 
post operation, in order to save time, is a key aspect when selecting the correct NDT 
techniques. 

Currently there are no standards regarding NDT for AM, the urgent need for them has put 
together cooperation between the International Organization for Standardization (ISO) and 
ASTM for the first time enabling the joint development of AM standards in the area (ISO, 
2011). To establish the NDT suitable for AM a revision of current available technologies will 
be presented. 

 

NDT Method Operation Principle Pros Cons 

Im
ag

in
g 

Radiographic 
Testing  

-Radiography requires the projection and 
penetration of radiation energy on and 
through an inspected material. The 
radiation energy is absorbed 
homogenously by the material, except in 
the regions where thickness or density 
variations arise. The energy that passes 
through is captured by a sensing medium 
(film) in the form of an image of the 
interior of the specimen. 

-Reliability and no 
special specimen 
preparation is 
required prior to 
application 

-Difficulties in 
detection may be 
associated with the 
angle between the 
crack and the 
radiation; 
-Not suitable for on-
line procedure; 
-Safety limitations; 
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X-ray 
Backscatter 

-Backscatter X-ray detects the radiation 
that reflects from the target as oposed to 
convetional X-rays. It has potential 
applications where less-destructive 
examination is required, and can operate 
even if only one side of the target is 
available for examination. 

-Not susceptible to 
surface roughness; 
-Large structures are 
easely tested; 

-Limited availability 
of tailored X-ray 
sources; 
-Challenges in 
developing standards 
and procedures; 
-Inspecting times 
can be unacceptably 
long; 

Computed 
Tomography 

-Method of forming three-dimensional 
(3D) representations of an object by 
taking many x-ray images around an axis 
of rotation and using algorithms to 
reconstruct a 3D model. 

-Detect deep or 
embedded defects; 
-Interrogate 
inaccessible 
features;  
-Confirm the 
effectiveness of 
post-process 
treatments often 
required to make 
usable parts made by 
AM;  
-Characterize and 
qualify as-
manufactured parts 
made by AM; 

-Very expensive; 
-Not suitable for 
online inspections; 

Neutron 
Imaging 

-Neutron imaging is similar to X-ray, a 
beam of neutrons passes through a 
sample and leaves and image on a film or 
detector.  

-Neutrons have high 
penetration depth 
(suited for bulk 
samples), advantage 
over x-ray; 
-Absence of 
radiation damage; 
-Can produce images 
of components 
containing light 
elements; 

-Requirement for a 
nuclear reactor 
(although portable 
neutron 
sources do exist) 
work places may be 
limited; 
-Several constraints 
to implement on-
line, suitable for off-
line; 

U
lt

ra
so

ni
c 

Ultrasonic 
Testing 

-UT uses high frequency sound energy 
tavelling through the material to conduct 
examinations and make measurements 
that can be used for flaw detection, 
dimensional measurements and material 
characterization.  

-High resolution 
among NDT 
Techniques; 

-Cannot function at 
temperatures higher 
then 500 K; 
-Surface treatment 
dependent (Surface 
parallelism is of 
utmost importance 
since even a few 
degrees of change 
can deflect 
important signal 
information away 
from the transducer); 

Phased Array 
Testing 

-Phased array ultrasonic systems utilise 
multi-element probes, which are 
individually excited under computer 
control. By exciting each element in a 
controlled manner, a focused beam of 
ultrasound can be generated. Software 
enables the beam to be steered. Two and 
three dimensional views can be generated 
showing the sizes and locations of any 
flaws detected. 

-Very precise; 
-No safety hazards; 
-Fast inspection 
times; 
-Able to penetrate 
thick sections; 

-Cannot work at 
high temperatures; 
-Requires coupling; 
-May require several 
probes; 
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Immersion 
Ultrasonic 
Testing 

-Immersion ultrasonic testing, is an 
advanced form of ultrasonic testing, and 
is a more effective method of inspecting 
than manual ultrasonic testing. It offers 
improved Probability of Detection (POD) 
of the smallest defects, and can provide 
you with accurate reporting of the size 
and location of sub-surface irregularities 
and flaws in material or products.    

-Good results 
independents of the 
geometry 
complexity; 
-Improved accurate 
sizing; 

-Cannot be used on-
line; 
-Requires immersion 
of the part; 

EMAT -This inspection method uses a electro-
magnetic acoustic (EMA) way of 
ultrasound excitation and reception. 

-Contactless and 
couplant 
independent; 
-Suitable for very 
high temperatures; 

-Contactless but 
requires close 
proximity; 
-Geometry 
contrained (hard to 
inspect very 
complex shapes); 

Laser 
Ultrasonic 
Testing 

-A laser pulse is directed to the surface 
and induces an ultrasonic pulse that 
propagates into the sample. This 
ultrasonic pulse interrogates a feature of 
interest and then returns to the surface. A 
separate laser receiver detects the small 
displacement that is generated when the 
pulse reaches the surface. 
The electronic signal from the receiver is 
then processed to provide the 
measurement of interest. 

-Contactless and 
couplant 
independent; 
-Can be used on 
complex geometries, 
curved or difficult to 
access areas making 
it suitable for AM 
applications; 
-Can be used at very 
high temperatures; 

-Experimental 
results showed that 
knowledge of the 
internal geometry of 
the crack is required 
in order to obtain an 
accurate depth 
profile; 
-More expensive 
than conventional 
UT; 
-Optical detection 
techniques generally 
offer lower 
sensitivity than 
contact transducers; 

E
le

ct
ro

m
ag

ne
ti

c 
ba

se
d 

Potential Drop -Measurement of the potential drop by an 
increase in the electric resistant between 
two measurement electrodes in a 
presence of a discontinuity. 

-Very good at 
estimating surface 
cracks depth; 

-Surface roughness 
reduces accuracy of 
the sized cracks; 
-Penetration depth of 
few mm; 

Eddy Currents -Electromagnetic induction where the 
interaction between a magnetic source 
(produced by the probe) and the subject 
material is observed in order to detect a 
discontinuity or a defect. 

-No consumables 
used; 
-Improved 
sensitivity; 

-Surface finish and 
grain structure play a 
huge role in the 
success of the 
method in finding 
critical defects; 
-Penetration depth of 
few mm; 

Magnetic 
Particle Testing 

-Magnetic particle examination (MT) is a 
very popular, low-cost method to 
perform nondestructive examination 
(NDE) of ferromagnetic material that 
checks for surface discontinuities and/or 
slightly below the surface, using a 
magnetic field and magnetic particles; 

-Low cost; 
-Surface Preparation 
not as critical as to 
other NDT; 

-Examination of 
large parts may 
require use of 
equipment with 
special power 
requirements; 
-Limited subsurface 
discontinuity 
detection 
capabilities; 
- Limited to 
ferromagnetic 
materials, 
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Penetrant 
Testing 

-Components are wetted with a 
fluorescent penetrant and using a 
developer make even the smallest cracks 
visible under UVA light; 

-Low Cost; 
-Easy to implement; 

-Cannot be 
implemented on-
line; 
-Cannot detect intra 
part defects; 
-May not be a 
realistic method for 
inspection of porous 
or rough parts made 
by AM without 
special post-process 
machining and 
polishing; 

  

Acoustic 
emission 

-Elastic waves that are emitted in a 
medium due to crack nucleation or 
propagation can be captured by suitable 
piezoelectric sensors on the surface of a 
specimen. 

-Perfect for parts in 
operation (while 
defects are being 
formed) 

-Not suitable for 
post manufacture 
inspection (prior to 
service) 

T
he

rm
og

ra
ph

y 

Infrared 
Thermography 

-Infrared thermography aims at the 
detection of subsurface features (i.e. 
subsurface defects, anomalies, etc.), 
owing to temperature differences (DT) 
observed on the investigated surface 
during monitoring by an infrared camera; 

-Large areas can be 
scanned fast; 
-Risk free (no 
radiation); 
-Suitable for online 
monitoring; 

-Not possible to 
penetrate in 
extended depths (can 
be used for few 
layers analysis); 
-Environmental 
conditions may limit 
use if used outdoors; 
-If the working 
material is not at an 
elevated 
temperature, 
requires external 
heating; 

Laser 
Thermography 

-A high power laser source is used for 
external heat delivery and the energy will 
diffuse in the specimens’ surface making 
discontinuities detectable with the 
analysis of the temperature distribution 
near the laser spot. 

-Suitable for online 
monitoring; 
-Contactless and 
requiring no surface 
finishing; 

-Deep scratches or 
indentations can 
perturb heat flow in 
a similar manner to a 
crack; 

Vibro 
Thermography 

-An ultrasonic transducer generates 
elastic waves within the test specimen. 
This elastic waves will interact with the 
irregularities present in the object and 
due to the friction, energy will be 
dissipated in heat form and later detected 
by an IR camera. 

-Very short 
measurement time 
(seconds); 

-Requires contact; 

Eddy Current 
Thermography 

-Use of induced eddy currents to heat the 
sample being tested and defect detection 
is based on the changes of the induced 
eddy currents flows revealed by thermal 
visualization captured by an infrared 
camera; 

-For near-surface 
defects, direct 
interaction with eddy 
currents can improve 
detectability; 
-Suitable for online 
monitoring; 

-May require time to 
deposit enough 
energy in the 
material; 

 
To provide more detailed information on several of the NDT techniques presented several 
studies have been conducted with potential applications to WAAM inspection. 

Recent studies have shown optimal XBT results in sub surface crack detection, without 
requiring surface treatment and/or preparation but requiring significant amount of time to 
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perform detection of micro cracks due to narrow pitch scanning of an object surface. (Babot 
D, 1994) showed experimentally that XBT can detect an artificial crack of 0.02 mm width 
located in steel at 3 mm depth of near-surface cracks under weld-deposited cladding. The 
result should make XBT suitable for defect detection in AM although the operation’s time 
will require technologic advances to make it applicable in production. 

 

 
Fig. 1 - Image (11mm x 11mm) of XBT when using the 

pinhole of 1.0 mm diameter (S. Naito, 2009). 
 
To tackle this issue (S. Naito, 2009) are studying a XBT using uncollimated X-ray irradiation 
(XBU), which enables to inspect a large area of an object surface at once by large area X-ray 
irradiation and X-ray 2D detection. 

 
Fig. 2 - XBT Setup  (S. Naito, 2009). 

To evaluate manufactured AM parts in order to read tolerances and geometric standards and 
find defects here is not better method to evaluate then XCT due to its volumetric nature. XCT 
can be very useful to compare STL files and features such as pores are hard to measure with 
other NDT, as although detected the overall % of porosity is not achieved easily. Research 
has been able to calculate the ratio of the number of voxels representing pores to the number 
voxels representing solid material in an XCT scan (Taud H, 2005). 

 
Fig. 3 - Part designed with internal defects source (Jorge Mireles, 2015). 

Artificial crack of 0.5 mm with. 
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In a study made by (Jorge Mireles, 2015) parts were fabricated using an EBM powder bed 
fusion system processed from Ti-6Al-4V. To analyse defects from the parts fabricated a CT 
scanning method, capable of detecting defects as small as ∼40 µm. To ensure CT results and 
evaluate its resolution, a part was manufactured by Electron Beam Melting (EMB) was design 
with internal defects. Different geometries such as spheres, triangular prisms, cylinders and 
cubes were made simulating porosity sized from 100 to 2000 µm. Defects with similar 
geometries were added occupying three and four layers in thickness to determine the effect 
from melting of subsequent layer. 

For the CT analysis, a model was made using scan data of 60 µm slices of the part. After 
analysis, the defects found were no larger than 600 µm and the defects spanning three and 
four layers in thickness were still present. Defects smaller than 600 µm may not have been 
detected due to the accuracy of the EBM fabrication (±200 µm) that make it difficult to 
fabricate defects of similar size. 

In the field of ultrasonic techniques the most promising is Lase-ultrasonic due to its ability to 
be contactless (more than just a few mm as opposed to EMAT) allowing for it to be 
implemented during a manufacture process. (Monchalin, 1993) has proved this by showing 
that a laser-ultrasonic system can actually be used on-line in a steel mill and provide unique 
information, used to improve production control. (Donatella Cerniglia, 2013) focused on the 
ultrasonic technique, using a pulsed laser to generate acoustic waves on reference samples 
manufactured by LMD (Laser Melt Deposition) and a laser interferometric system to detect 
them. The use of scanning laser transmitter and receiver and the interaction of the incident 
ultrasonic wave with sub-surface and surface defects have also been widely investigated (A K 
Kromine, 2000). 

The reference samples manufactured by LMD and provided by TWI were analysed and 
defects with sizes ranging from 100 µm and depth up to 700 µm have been successfully 
detected with high sensitivity. The following proposed developments include noise reduction 
techniques, advancements in automatic selection of parameter values as well as additional 
analytical and statistical developments in automated defect detection.   

In cases of powder feed deposition the probability of detection (POD) of sub-surface flaws of 
a single Inconel layer examined by laser ultrasonic (based on reference samples and two PF 
samples) found a 90% POD for surface defects of 0.1 mm diameter and 0.9 mm at 1 mm 
depth.  

In the same study, Eddy Current (EC) detection showed promise for detecting smaller 
subsurface flaws than laser ultrasonic (90% POD 0.2mm at the surface and 0.6 mm at 1 mm 
depth). (Sharratt, 2015)- 

The main adversity for the application of EC to AM parts as to do with the overall surface 
roughness that has proven difficult to distinguish signals from cracked or scratched areas from 
signals of smooth surface where the noise was significant. Tests done by (Jess M. Waller, 
2014) on a Selective Laser Melting (SLM) valve showed just that, the scratched areas were 
not able to be distinguished from the crack areas. 

Regarding Thermography it has been one of the most studied NDT procedures for AM. It has 
the advantage to monitor the operation from a distance allowing for fast results therefore 
making possible the correction of defects on the spot. 

 (Jorge Mireles, 2015) also evaluated IR imaging in his study, Figure 5 shows an IR image of 
the part (Figure 3) with the designed defects that are evidenced by the spots within the 
rectangular melt area. Defects smaller than approximately 600 µm were either not detected by 
the IR camera or not properly fabricated by the EBM system. 
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Fig. 4 - SLM valve body inspected by ECT, smooth surface on the right and scrached area 

on the right (source: MSFC). 
 

 
Fig. 5 -  IR image for the part designed with intentional defects. source: (Jorge Mireles, 2015). 

Comparing the results of the IR camera with the ones from a CT analysis the measurement of 
the defected area varied by 60%, where the IR images gave evidence of greater flaws. The 
smaller defects of 600 µm were not detected either by the IR camera of the CT concluding 
that these may not have been fabricated.  
These along with other studies has demonstrated that IR imaging can be used in situ to 
positively identify porosity or defects during AM fabrication, making it one of the most 
prominent methods of non-destructive evaluation of AM-fabricated parts.  
Besides the existing of a significant number of publications related to NDT, there is almost no 
data available concerning its capabilities for use in WAAM components. In this context, this 
work presents a preliminary study of the NDT applications in WAAM specimens, being the 
main focus to test different non-destructive-techniques in order to analyze its potential for 
detecting WAAM defects. 

 

MATERIALS AND METHODS 

For evaluation of the different techniques blocks of two different materials were made on the 
top of a substrate plate. These geometries were produced by Wire and Arc Additive 
Manufacturing, with CMT (Cold Metal Transfer) arc welding process, and the motion was 
provided by a six-axis Kuka Robot.  
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The blocks were composed to form a structure of approximately 30 mm high. The deposition 
parameters and manufacturing strategies were selected in order to ensure that different defects 
would be present in the components. Figure 6 shows the scheme of the production procedure 
of the blocks produced.  

  
Fig. 6 - Scheme of the production method of the 

blocks. 
Figure 7 -  Aluminium block. 

Two different materials were used as welding wire consumable, an Aluminium alloy 
(AA5083) and a Mild-steel (ER70S). The materials selected presents different characteristics, 
namely with respect to magnetic properties, in order to make the study more comprehensive 
at the test level. 
 
Non-Destructive-Testing Techniques 

In order to detect the defects present in the blocks, Radiographic Testing (X-ray), Liquid 
Penetrant Inspection (LPI) and Ultrasonic Testing were applied. For the X-ray testing the 
procedure consisted in setting the parameters needed for the test, voltage, current and time of 
exposure, and adjust the test part and the X-Ray tube in order to guarantee a successful 
radiation absorption concerning the defects orientation. The equipment used for radiography 
was the SMART 583-1007, YXLON International AS. For the penetrants liquids, the 
fluorescent or colour contrast (dye) penetrant was applied followed by a developer and then a 
method of cleaning. For this study, the FLUXO P125 red dye penetrant, FLUXO P175 
developer and FLUXO S190 solvent cleaner were applied. For the ultrasonic testing the 
equipment used consisted in: different transmitting probes, coupling gel and a conventional 
UT equipment OLYMPUS, OMNISCAN MX. 
 
Materials Characterization Techniques 

Apart from non-destructive evaluation, destructive testing was used in order to evaluate the 
characteristics of the deposited material. Macrostructure and microstructure analysis were 
performed, by destroying the AM blocks to produce samples from the sections. Both tasks 
required the same four steps which were cutting the samples from the blocks, grinding and 
polishing, etching, and finally inspection under optical microscopy. Also, in order to analyse 
the hardness of each sample, Vickers hardness tests were made on transversal section of the 
blocks. The electrical conductivity measurements were performed using customized eddy 
current probes with ferrite cores of about 0.7 mm diameter in order to increase the spatial 
resolution 

. 

EXPERIMENTAL EVALUATION OF THE INSPECTION TECHNIQUES 

X-ray testing, liquid penetrant inspection and ultrasonic testing were applied in order to detect 
the samples defects. From the X-ray testing (Figure 8), only porosity was detected. It is 
known that X-ray is a reliable test for parts in volume inspection, however it is not able to 
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show the small defects in the same direction of the radiation incidence. Thus, the lack of 
fusion between layers is not possible to detect from these results. Moreover, the technique 
allows to reliably scale the defects, however it does not locate them (in this case of incidence, 
in depth). 

Figure 9 shows that liquid penetrant inspection has the capability of detecting the lack of 
fusion between layers, after machining the surface of the samples, which means that X-ray 
and liquid penetrant inspection may be considered complementary tests. The pink areas are 
coincident with the interface between the different deposits which indicate that no effective 
bonding between each layer has been attained. This NDT method identifies superficial defects 
and can thus be used on the surfaces of the parts produced but the results observed do not 
indicate the presence of internal defects as X-ray does. 

Aluminium Mild-steel 

  

Fig. 8 - X-ray results. Left - Aluminum; right - Mild-steel. 
 

Aluminium Mild-steel 

 

 

Fig. 9 - Liquid penetrant results. Left - Aluminum; right - Mild-steel. 
 
Ultrasonic tenting was then performed in order to compare the previous results and achieve 
conclusions about the capability of detecting the defects of WAAM. 

Considering that the ultrasonic NDT process cannot be applied to an irregular surface, the 
analysis and scan were made through the back of the plate. The results collected show the 
travel distance made by the emitted and reflected wave. Thus, if the peaks appear before the 
total thickness of the part, this means that there is an interface that reflects the echo back to 
the probe, which is a defect. 

 
Fig. 10 - Scheme of UT testing. 
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The results shown in Figure 11 represent zones that were the most relevant for the inspection 
of the parts.  

Aluminium 

   

Mild-steel 

 

 

Fig. 11 - UT results for Aluminium and Mild-steel. 
 
The results obtained from the aluminium sample show three distinguished zones with three 
different UT spectres. The first spectre presents a no defect region, the second one reveals a 
defect in a distance of 13.38 mm from the substrate plate surface, and the third spectre shows 
the same defect, by the first echo at 13.41 mm, and a region immediately following without 
defects, showed by the second echo. 
The mild-steel spectres only present one defect, a lack of fusion between the tested part and 
the substrate plate, showed by the first echo at approximately 6 mm, which is the substrate 
thickness. The sample was tested with different UT probes (changing the contact diameters 
and frequencies), but the results were the same, as it can be seen in Figure 11. 
In summary, the tests confirm that UT is a reliable technique for detecting and scaling the 
WAAM defects, in both materials. However, the software data analysed provided allows to 
locate the defect but does not reveal the type of defect. The three techniques can thus be 
complementarily used to evaluate the defects in WAAM structures. 

 

MATERIALS CHARACTERIZATION 

As stated above, destructive test was used in order to evaluate the characteristics of the 
deposited material. Through these analysis, it is also possible to observe the existent defects 
on the build blocks, like lack of fusion, porosity, inclusions and other metallurgical aspects. 
To fully characterize AM specimens several techniques are required, mainly destructive, as 
hardness or metallographic testing. However, as stated above, the overall manufacturing 
process productivity will be increased by using non-destructive methods for materials 
characterization, preferably in-process. Electrical conductivity, based on the eddy-currents 
physical principle, has already proven a good correlation with the microstructure and hardness 
observed for Friction Stir Welding (Santos, 2011). The method was tested in the reference 
samples in order to correlate the electrical conductivity field and the microstructure and 
hardness observed for the WAAM process. 
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Macrostructure & Microstructure 

From the macro analysis, it is possible to observe that the samples in study have defects. 
Specially, poor fusion between layers is presented in each sample and significant amount of 
porosity can be seen in aluminium, Figure 13 reveals the presence a significant number of 
pores on aluminium sample, and a clear example of lack of fusion between each layer on the 
mild-steel. Also, from Figure 13 it can perfectly be seen the number of layers that make up 
each block. 

The microstructure analysis was used to better understand the defects. A detailed look at the 
microstructure images, shows that the main defect observed is in fact the lack of fusion 
between layers. However, in the aluminium sample, in addition to the referred pores, some 
small cracks can also be seen. 

Aluminium Mild-steel 

  

Fig. 12 - Examples of defects from the microstructure analysis of the samples. 
 
Hardness  

Figure 13 shows the indentation mark made during the hardness test. In the two samples 
exists a small deviation from the average hardness, however the difference between the 
highest value and the lowest value is not significant, allowing to conclude that the mechanical 
properties are homogeneous over each layer, despite variations of the involved temperatures. 

Mild-steel 

  

 
Aluminium 

  

Fig. 13 - Indentation marks on samples on the right and Vickers hardness tests results  
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From the results obtained it can be seen that generally the layers present average hardness 
than the substrate material, as expected. However, a significant difference of the hardness 
profile from the material to the deposited material can be seen. The hardness profiles allow to 
map the deposited layers since the variation of hardness in each layer follows the same trend. 
This is particularly clear in the case of mild-steel. 

 

Electrical Conductivity 

The measurement of the electrical conductivity field of the surface samples was performed by 
eddy currents to characterise and complement existing techniques as hardness measurements 
and micrographic analysis. The electrical conductivity of materials depends on the electronic 
mobility, on the crystalline structure of existing phases, as well as, on the crystal defect 
content, namely: point defects such as voids and interstitials; linear (dislocations) and surface 
defects (twins and grain boundaries) (T.G. Santos, 2011). 

Additionally, information related to the electrical conductivity field is crucial when NDT 
based on eddy currents is to be applied, since defects are detected based on a local change of 
the electrical conductivity in the material. Previous knowledge of the electrical conductivity 
field variation due to solid state processing is required in order to distinguish background 
material from eventual defects (T. G. Santos, 2011). 

In order to identify porosities and other heterogeneities, a characterization of both samples 
was made using bi-dimensional analysis, as showed in Figures 14 and 15. 

 
Mild-steel 

 

 

Fig. 14 - Bi-dimensional analysis of the electrical conductivity of the mild-steel. 
 
Aluminium 

 

 

Fig. 15 - Bi-dimensional analysis of the electrical conductivity of the aluminium. 
 

The figures show that the measured values of electrical conductivity allow to identify the 
sections where significant variations can be observed. First, for both samples, a considerable 
difference of homogeneity from the substrate to the deposited material can be seen. This is in 
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agreement with the hardness results, as these also reveal inconsistencies along each layer, in 
line with the hardness values for the substrate. 

Also, in Figure 14 a significant decrease of the conductivity can be seen between each layer, 
which may be explained by the lack of fusion effect. It is clear from the previous studies that 
no effective bonding between the layers has been achieved in the mild-steel sample, which 
represents greater resistance to the electronic mobility. The electrical conductivity results 
show great sensitivity to this fact. 

The aluminium results (Figure 15) are not so clear as the mild-steel, however the 
heterogeneities detected in both hardness and microanalysis can also be seen in by the 
electrical conductivity. In the heterogeneities zones, an increase in hardness and decrease in 
electrical conductivity is observed. 

These results shown that the electrical conductivity can be seen as a complementary technique 
to hardness, under several aspects as the physical phenomena involved, higher test speed and 
less surface preparation requirements. Essentially, the technique revealed to be able to 
successfully identify the existence of defects, heterogeneities and lack of bonding between 
layers, in both samples. 

 

CONCLUSIONS 

The evaluation of the defects detection capability by NDT methods and materials 
characterization techniques for WAAM process was presented in this paper. Applicable non-
destructive testing techniques were selected from the developed table showing the pros and 
cons of each technique. The reference specimens used were inspected by three different 
techniques, namely radiography, liquid penetrant (LP) and ultrasonic testing (UT). It was 
demonstrated that all three techniques can give correct information on the defects location, 
despite the limitations of each one of them. UT is the most flexible one regarding the relative 
position of the inspection equipment and the part, and proved the capability to detect and 
scale WAAM defects. X-ray presents stringent safety limitations and involves a more 
demanding procedure, in addition to the difficulties in defects detection that are associated 
with the angle between the crack and the radiation. LP is easy to perform but present the 
limitation of only detecting superficial defects. Regarding the materials characterization, the 
innovative method tested, evaluating the electrical conductivity by eddy currents in the 
samples, proved to be feasible to correlate the electrical conductivity with the existence of 
defects, heterogeneities and lack of fusions between layers. Measurement of electrical 
conductivity field thus suggests having potential to constitute a feasible, reliable and expedite 
technique to characterize WAAM samples, on the surface and in depth, complementing 
hardness evaluation with further advantage of being faster and do not require surface 
polishing.  
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ABSTRACT 

Delamination is the principal mode of failure of layered composites that causes the separation 
along the interfaces of the layers. This type of failure is induced by interlaminar tension and 
shear that develop due to a variety of factors. The structural performance of composites can 
be significantly affected by this degradation. Such damages are not always visible on the 
surface and could potentially lead to catastrophic structural failures in aerospace industries. 
To ensure a structure’s performance and integrity, accurate monitoring of damages is crucial.  
In this work a methodology for damage detection on laminated composite plates involving the 
use of modal data and artificial neural networks is present. The presence of damage in the 
laminated plates leads to changes in its dynamic characteristics, causing variations in modal 
response. A feed-forward type neural network, is used in order to detect damage on the 
laminated plate using data obtained from finite element simulations.  The methodology 
identifies damages the onset of damage in the structure and also quantifies the damage 
severity. A Numerical example show good results and the feasibility of the proposed 
procedure. 

Keywords: Damage Detection, Neural Network, Modal Parameters, Composite Plate. 

 

INTRODUCTION 

A reliable and effective non-destructive damage identification method is crucial to maintain 
the safety and integrity of structures. The most common non-destructive damage 
identification techniques include visual inspection and conventional nondestructive testing 
(NDT). However, the visual inspection techniques are unable to detect damage which is 
embedded in a structure or invisible to human eyes while the conventional NDT requires the 
vicinity of damage be known a priori and readily accessible for testing (Fan & Qiao, 2011). 

Artificial neural networks (ANN) have evolved as one of the promising artificial intelligence 
concepts used in real world applications. ANN have been extensively used in structural 
engineering applications in the area of failure prediction, delamination identification, crack 
detection, etc.  ANN is essentially a system that contains many simple and highly 
interconnected neurons which processes information based on an architecture inspired by the 
structure of the cerebral cortex of the brain [33]. ANN is used to derive a relationship between 
a set of input parameters and their output responses (Ilhesiulor et al., 2014). 

In this paper, an inverse algorithm using ANN is considered to detect delamination in a 
laminated composite plate. The algorithm approach is able to determine two damage 
variables, the damage location (element number) and the damage severity. The database of 
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frequency shifts against the variations in the delamination parameters is generated using finite 
element method (FEM) and then the ANN is trained using those database and able to 
recognize the damage. 

The structure chosen for this study is a symmetric cross-ply plate free in space. The plate is 
discretized in 10x10 first-order shear deformation plate elements. Hence, there are 100 
unknown damage parameters (Fig. 1). Each element has 8 nodes with 6 degrees of freedom (3 
translation and 3 rotations). Damage is simulated in element Ki by a reduction in its stiffness 
matrix, i.e., Kdamaged = αKi (Gomes et al., 2016). 

 

 

Fig. 1 - Laminated plate with a localized delamination modeled as a local stiffness element 
reduction. 

 

RESULTS AND CONCLUSIONS 

The initial analysis demonstrates that the stiffness reduction as induced damage changes the 
dynamic response of the plate. In order to further investigate the relationship between the 
stiffness reduction and the mode-dependent variations of natural frequencies in the plate, 
numerical simulation using FEM is employed (Table 1).  

Table 1 - Uniaxial tension test results 

Mode Undamaged Damaged 

1st 

 

 
62.5436 Hz 

 
62.1774 Hz 

2nd 

 
123.6100 Hz  

122.7640 Hz 

3rd 

 
154.9480 Hz 

 
154.0170 Hz 
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In order to limit the number of inputs of the neural network, a study is proposed using 
principal component analysis (PCA). The results shows that the first three modes are 
sufficient for the ANN input (Figure 2). Then, the neural network is made using 300 neuron in 
a single hidden layer as shown in the Fig. 3. 

 

 

Fig. 2 - The explained variance obtained using PCA. Indeed the first three natural 
frequency are responsible for almost 95% of the total variance. 

 
 
 
 
 

 

Fig. 3 - The ANN structure with 3 inputs, 1 hidden layer composed of 300 neurons and 2 
outputs. 

 
 
 

The previous results after a training phase are shown in the Figures 4 to 7. 

1 2 3 4
0

10

20

30

40

50

60

70

80

90

Principal Component

V
a
ri
a
n
c
e
 E
x
p
la
in
e
d
 (
%
)

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%



Symposium-18: Durability, Damage and Manufacturing Processes 
 
 

-1848- 

 
(a) 

 
 (b) 

 
(c) 

 
Fig. 4 - ANN results for: (a) performance, (b) error histogram and (c) training state.  
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Fig. 5 - Regression results of the ANN algorithm. 

 

 

a        b 

Fig. 6 - The global results for the damaged plate for the two output variables: (a) damaged 
element number and (b) damage severity. The obtained target values shows a good efficacy 

for a online structural identification of the method. 
 

In this paper, a delamination detection method for plate-like structures using modal frequency 
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delaminations by the use of computational intelligence. Further tests should be performed in 
order to improve the performance results of the ANN. 
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ABSTRACT 

The aim of this work is to characterize the damage induced by high speed drilling in carbon 
fibre reinforced composites components. A computational tool was developed and it allows 
the characterization of the damage in dimensional and geometrical terms. The adopted 
methodology is based on the concepts of the theory of inertia principle and through the 
eigenvalues and eigenvectors of the binary image resulting from the image processing and 
obtained by digital radiography it was possible to estimate the principal direction of the 
damage. 

Keywords: CFRP, damage characterization, X-ray, image processing. 

 

INTRODUCTION 

From the literature review it was possible to verify a lack of standardization regarding the 
quantification of delamination defect induced by drilling. The classical form is through the 
delamination factor proposed by Chen (1997), and it depends exclusively on the maximum 
diameter that circumscribes the damage and the hole nominal diameter. Although it is the 
most used, its limitations have been verified and other authors have proposed alternative 
methods (Davim, 2007; Silva, 2014). It was also observed the importance of damage 
geometry (Durão, 2013) but there is still no generalized methodology to quantify it, neither is 
shown its influence on the components service life. Thus, the objective of this work is to 
characterize in an effective way the damage caused by the high-speed drilling of carbon fibre 
reinforced polymer (CFRP). To achieve this objective, it was necessary to develop a 
computational tool that allows the characterization of the damage in dimensional and 
geometrical terms, covering the following aspects: 

- Damage quantification calculated by the classical delamination factor; 

- Characterization of the geometry and preferential direction of the damage. 

 

RESULTS AND CONCLUSIONS 

The computational tool developed using Matlab software allows the characterization of the 
damage induced by high-speed drilling of CFRP. The adopted methodology, based on image 
processing associated with digital radiography, comprises the use of Otsu’s automatic 
thresholding algorithm and the concepts of the theory of inertia principle. Through the 
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eigenvalues and eigenvectors of the binary image, it is possible to estimate the principal 
direction of the damage. The input is the image obtained by digital radiography and the entire 
characterization of the delamination damage, both in dimensional and geometrical terms, is 
automatically found. Figure 1 shows the output results for three specimens with similar 
damage quantification, calculated according to Chen’s delamination factor. These specimens 
were subsequently subjected to fatigue tests. Although having similar delamination factors, 
only two of the specimens fractured (Fig.1a) and Fig.1b)). The different direction of the 
eigenvectors can confirm the importance of the damage geometry on the fatigue behaviour of 
a drilled component when subjected to cyclic loading. 

 
Fig. 1 - Computational tool output results 

This study shows that it is possible to fully automatically perform the quantitative analysis 
and simultaneously characterize the delamination damage induced by the drilling of CFRP 
components using the computational tool developed. 
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ABSTRACT 

Adhesive joining do not need the stress concentrating holes of mechanical fastener joints nor 
the material properties degrading intense heat input of welding. The availability of adhesive 
joints allows light alloys and fiber reinforced composites structures to overcome the problems 
of weak out-of-plane bending strength/stiffness, low joint toughness while improving their 
crash-worthiness associated with traditional joining. Occasional overloading and fluctuating 
service loading may cause degradation of these joints. If such degradation went undetected, 
serious structural failures and catastrophic outcome might follow. It is difficult and 
economically unviable to carry out regular monitoring for the joint integrity using traditional 
non-destructive examination techniques, especially in the case of practical structures with 
large scale adhesive joining. The feasibility of using FBG sensors for monitoring has been 
investigated in this work. FBG works by reflecting specific wavelengths from a broad 
spectrum incident light. The reflected wavelengths depend on the strain the FBG suffers. 
Internal damages will perturb the residual strain field in the joint and thus change the shape of 
the reflected FBG spectrum.  

Keywords:  adhesive joint, internal damage fatigue degradation, structural health monitoring, 
fiber Bragg grating sensor. 

 

EXPERIMENTAL METHOD 

Optical fibers with FBG are embedded at either 0o, or 45o or 90o in the lap joint as 
schematically shown in Fig.1. The specimens were subjected to tensile or cyclic loading. 
Periodically, the specimens were unloaded to 400 N and 0 N to allow the reflected light 
spectra from the FBGs to be recorded using an optical spectrum analyzer. These spectra were 
compared with the original spectra at the respective loading before testing. A parameter to 
quantify the shape change of the FBG spectrum is proposed as an indicator of damage 
occurrence.  

 

RESULTS AND DISCUSSION 

Typical FBG spectra at different loadings are shown in Figs.2a and b. The shift in wavelength 
is caused by a general increase in strain on loading up. The widening and splitting are caused 
by the appearance/aggravation of non-uniform strain distribution. The latter may be the result 
of strain concentration near the edge of the joint. It can also be caused by internal damages. 
Strain concentration effect may be eliminated by unloading to zero load. If the widening and 
splitting of the spectra still persists (Figs.2c and d), then it should be brought about by internal 
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damages.  

The difference between the unloaded spectrum 
and the original pretested spectrum may be 
quantify by a V value, which is calculated by 
summing the difference in light intensity under 
the same wavelength between the two spectra. 
Based on a large number of carefully designed 
tests, a V value of 10 was chosen to differentiate 
a damaged joint with an intact one. Table 1 
compares the loading (in terms of % failure 
load) which the V value first indicated damage 
occurrence. It can be seen that the 0o fiber 
sensors are more sensitive than the 45o ones. 
The 90o sensors are the least sensitive. This 
observation was further confirmed by the V 
values very close to specimen failure (> 97% 
failure load). 

The same measuring technique applied to cyclic 
loading was also shown to be successfully 
detected the occurrence of damage. Specimens 
were monotonically loaded to under or beyond 
the point of damage indication. Follow up cyclic 
loading showed the former gave a fatigue life 
close to virgin specimens while the latter 
exhibits greatly shortened life.  

 

CONCLUSION 

Embedded FBG sensors have been 
demonstrated to be able to indicate in a 
quantitative manner internal damage in single 
lap joints caused by monotonic or cyclic 
loading. With this technique, it is possible to 
achieve on-line monitoring of the joint integrity 
in an economical way. 

Table 1 - Comparison of the sensitivities of different fiber sensor orientation 

First indication of damage by V value     (%Failure load / V value)  
Fiber 

orientation 
45o 0o Left 0o Middle 90o 

Specimen 1 90% / 13.12 97% / 60.37 94% /12.72 (Fiber broken) 

Specimen 2 98% / 29.62 77% / 14.88 77% / 20.41 82% / 11.63 

Specimen 3 95% / 13.18 86% / 10.22 86% / 17.04 97% / 13.19 

 V value for the last unloading (from over 97% of failure load)   
 D45 D0PL D0PM D90PE 

Specimen 1 55.8 60.4 49.8 (Fiber broken) 

Specimen 2 29.6 66.9 44.6 18.2 

Specimen 3 20.7 23.2 56.9 13.2 

(a) (b) 

(c) (d) 

Fig. 2 - (a) 0o; (b) 90o FBG spectra at progressively 
increasing load; (c)0 N spectrum of 0o FBG 

spectrum; (d) 400N spectrum of 90o FBG after 
unloading from 97% of failure load. 

0° 

Adhesive 
Bond 

Aluminum alloy  

Fiber optic 
sensors 

Adhesive Bond 
Loading 
direction 

90° 

Fig. 1 - Schematic diagram showing how the fiber 
optics sensors are embedded in the adhesive joint. 
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ABSTRACT 

This work aims to develop a methodology to automate the design of progressive tools to 
reduce the time and costs associated the development phase while maintaining the quality of 
the project. The target of this study is an automotive industry, which is supplier of major car 
manufacturers. 

Keywords: progressive tools, parametric design, tool design automation. 

 

INTRODUCTION 

In the present economic scenario, companies need to develop new strategies for their products 
to stay competitive. As general issue and particularly in the automotive industry, reducing 
design and development time and costs and optimizing the components is a major 
contribution to the increase both in productivity and competitive in the automotive industry 
(Proctora, 2016). Since long time that technologies and tools for the design and development 
have evolved in different directions, providing solutions for the different enablers of 
competitiveness (Yue Hin, 2015). One can mention the evolution of CAD systems allowing 
the virtual modelling of products. On top of these one can find different type of solutions 
ranging from structural analysis, simulation of plastic behavior of materials, thermal analysis, 
and technological analysis and support in different areas (Jauregui-Beckera, 2013). 
Concerning this work, tools integrated in CAD systems with the capability of supporting the 
design of stamping (Bin, 2016), blanking and drawing tools are of major importance. 

Evaluation and analysis of the different integrated CAD system in the market (CATIA, NX, 
Solidworks/Logopress, CREO, etc), in different aspects, modelling capabilities according to 
the type of components of the company (Proctora, 2016), the supporting programming 
capabilities was one of the main focus of this study. This allowed the correct selection of the 
system to be adopted in the company. In a preliminary study CATIA, NX and CREO were 
preselected because all of them passed the evaluation criteria concerning the desired 
functionalities in the company (CENIT, 2017; Siemens, 2015). For the final selection, the 
company imposed additional criteria based on investment costs, service and training. As the 
company had some earlier experience using Pro-E software, the predecessor of CREO, the 
conditions offered by this system were considered the winner. After this phase the study was 
focused in selection the proof-components and the development of the different modules 
allowing the creation of progressive stamping tools for the selected components from the 
scratch.  
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RESULTS AND CONCLUSIONS 

As an example of the developed methodology, Fig. 1 shows a base of a tool created 
automatically, after supplying the 
specifications in a dialogue box.  

The results showed that for the set of tools 
necessary for the component under study, 
the current traditional methodology took 28 
weeks. Using a similar component, in which 
was possible to start from an existing 
design, the overall time for the set of tools 
was reduced to 15 weeks (47% reduction).  

The proposed methodology for a non 
existing components (starting from scratch) 
allowed the development of the set of tools 
in 6/7 weeks (76.5% reduction). In term of 
cost for the company involved in this study, the annual impact taking a sample on the 
different projects developed, the reduction in the design costs was close to 1.1 million euros. 
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ABSTRACT 

This paper reports current capabilities in Non Destructive Testing and Evaluation (NDT&E) 
of the NOVA NDT Lab at the Mechanical and Industrial Department of FCT-NOVA, some of 
them in collaboration with iBB-Institute for Bioengineering and Biosciences at IST. An 
innovative NDT technique was developed to detect micro and nano surface defects using 
bacterial cells. Some results of material characterization based on mapping the electrical 
conductivity with eddy-current and four-point probe are presented, as well as the detection of 
surface defects in stainless steel alloy pipes using customized NDT eddy-current probes. 

Keywords: NDT, eddy-current, material characterization, bacterial cells. 

 

INTRODUCTION 

Non Destructive Testing (NDT) is the branch of engineering concerned with all methods of 
detecting and evaluating flaws in materials or differences in their morphology, without 
destroying their serviceability. The research approach of NOVA NDT Lab is to develop 
customized NDT systems for specific industrial applications from the problem to the solution. 

A new NDT technique for surface micro defects has been developed exploring different 
attributes of bacterial cells, such as: small dimensions, high penetration capacity, motility, 
adherence, fluorescence and response to electric and magnetic fields (Telmo, 2016). The 
technique was applied in several materials, including in nanoindentions in AISI 316L 
produced by a standard Berkovich indenter, using the bacteria Rhodococcus erythropolis 

(Figure 1). 

  
(a)                                                            (b) 

Fig. 1 - Matrix of nanoindentations in AISI 316L observed under SEM (a) and fluorescence microscopy (b). 
Green dyed R. erythropolis cells show indentations (Telmo, 2016). 
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The electrical conductivity surface mapping has also been explored for characterization of 
processed materials. Different NDT techniques have been optimized for this purpose, such as 
four-point or eddy-current probes. The electrical conductivity profile can be correlated with 
hardness, since the processing affects the microstructure and grain size (Telmo, 2011). A 
sample of P11 steel (ASME designation) welded by shielded metal arc welding was 
characterized by the four-point and eddy-current probes and the results were compared to the 
Vickers hardness test (Figure 2). 

 

 
Fig. 2 - Material characterization of P11 Steel (ASME designation) by four-point probe, 

eddy-current probe and Vickers micro-hardness technique. 

Novel eddy current probes were also developed to detect sub-millimetre defects with any 
orientation on the inner surface of austenitic steel jackets used in ITER. These probes include 
arrays of planar trapezoidal coils in a flexible substrate with a winded drive coil (Rosado, 
2015).  
 
RESULTS AND CONCLUSIONS 

The NDT using bacteria allowed the detection of all nanoindentations made, indicating the 
reliability and usefulness for nano surface defects detection (Figure 1). The mapping of the 
electrical conductivity profile demonstrated that it can be correlated with hardness and 
changes in microstructure (Figure 2). Experimental results revealed an improved reliability 
and sensitivity to circumferential defects of 0.5mm depth when compared to conventional 
toroidal bobbin probes. 
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ABSTRACT 

There are two philosophies in Mechanical Design, the safe life design and the fail safe design. 
The safe life design is based on concept that there must be no cracks or defects in the material. 
And fail safe design consider that there is a defect in material, but the component can be 
working safety, this is, the damage tolerance concept assumes the existence of initial flaws in 
the mechanical component and its philosophy is based on the acceptance that damage will 
propagate and an adequate system of inspection should be implemented in order to monitor 
the damage. This work aims to present a state of art in relation to the mechanical design of 
components that contain defects inherent to the casting process and present a methodology to 
be following in mechanical design of casting components. 

Keywords: fail safe design, damage tolerance, casting defects, mechanical design philosophies, 
sand casting. 

 

INTRODUCTION 

Mechanical design is a complex process, requiring many skills. The parameters that influence 
the durability of mechanical components are service loads, material properties, geometry, and 
the manufacturing process. The interaction of these four parameters must be taken into 
account at the mechanical design stage, in order to define the component lifetime (Morgado, 
2016).  

Sand casting is an example of a manufacturing process that can produce mechanical 
components with practically no limit to the size, shape or complexity. Nevertheless defects 
like gas defects (blow holes, open blows, air inclusions, pin holes porosity) and shrinkage 
cannot be excluded nor their influence in mechanical design.  

The problem of the fatigue strength estimation of materials or components containing natural 
defects, inclusions or inhomogeneities is of great importance from both a scientifically or 
industrial point of view. Undoubtedly, an important factor affecting failure of components and 
structures is the presence of flaws due to processing, manufacturing or mechanical damage 
during service.  The presence of flaws in the materials leads to failures at much lower applied 
stresses. It is therefore of primary importance to consider such defect features as input 
parameters in fatigue limit assessment. The fatigue limit of cast materials is mainly controlled 
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by the presence of casting defects such as microshrinkages or dross defects (Murakami, 1994; 
Beretta, 1997; Murakami 2002; Morgado, 2003). 

In the last six years, methodologies based on microtomography, image analysis and finite 
elements have been developed, to analyse problems of fracture in mechanical components and 
investigate the influence of the casting defects in the durability of that components 
(Vanderesse, 2011; Tijani, 2013; Morgado, 2014). 

 

RESULTS AND CONCLUSIONS 

The results showed by many researchers in the last decades demonstrate that the study of the 
influence of intrinsic manufacturing defects in the mechanical design continues to be 
required. The proposed methodology is based in study cases and more research is need to 
optimized and generalize in addressing fail safe philosophy.  
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ABSTRACT 

The content of the phase precipitated in the Z3CN20.09M cast austenite stainless steel 
(CASS) was calculated by Image-pro Plus 6.0 software. And then a time-temperature-
precipitation diagram for the phase was got. The results showed that the σ phase was 
precipitated in the steel during 600-840℃. The fastest precipitation velocity for the phase 
occurs at 750℃. Moreover, the σ phase formed in the ferrite by the following process 
α→M23C6+γ2 and/or α→σ+γ2. The results also showed that the yield and ultimate tensile 
strengths of aged specimens increased comparing with those of the unaged ones. It was found 
that the increase of the strengths is due to the hard and brittle (σ+γ2) structure which 
decomposed from α phase in the steel. 

Keywords: cast duplex stainless steel, sigma phase, mechanical properties. 

 

INTRODUCTION 

Duplex stainless steels (DSSs) would suffer a loss of toughness and deterioration in corrosion 
resistance when they are exposed to the temperature region between 600 and 1000℃. The 
main reason is some undesirable phases, such as Sigma (σ), carbides and nitrides precipitate 
in DSSs in this case. Among all phases precipitated in a DSS, the harmfulness of Sigma phase 
on the mechanical and corrosion resistance properties of the DSS is the most prominent. 
There is very little information available on the precipitation of Sigma phase and its effect on 
the mechanical, corrosion resistance and wear properties of the Z3CN20.09M CDSS. The aim 
of this work is to elucidate the precipitation behavior of Sigma phase in a Z3CN20.09M 
CDSS and to investigate its influence on the mechanical property of the steel. 

The specimens with diameter of 16 mm and length of 4 mm were isothermally aged from 
550℃ to 950℃ at intervals of 50℃ and then quenched by water. The aging periods were less 
than 5 min for every chosen temperature mentioned above. A liquid salt bath was used to 
guarantee rapid heating during the aging process. The microstructures and fracture 
micrographs of specimens were observed by CIKONG 4XCE optical microscopy (OM) and 
ZEISS SUPRA55 scanning electron microscopy (SEM) respectively. The precipitates in this 
steel were detected by JEOL JEM-2010 transmission electron microscopy (TEM). Volume 
fractions of precipitates and ferrite phase in the samples were obtained through the 
quantitative metallography analysis software (Image-Pro Plus). 
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Cylindrical specimens with diameter of 5 mm and gage length of 25 mm were machined for 
tensile tests. The tensile tests were carried out in a CMT 4105 servo-hydraulic testing 
machine with a maximum load of 100 kN at an engineering strain rate of 1�10-3 s-1. The 
Charpy impact with a gauge cross-section of 10 mm × 10 mm and a gauge length of 55 mm 
tests were carried out at room temperature by using JB-30B impact machine with a maximum 
capacity of 300 J. The hardness and micro-hardness of the ferrite and austenite in the 
specimens were measured in XHV-1000 hardness and 401MVD microhardness instrument 
respectively.  

 

RESULTS AND CONCLUSIONS 

The tensile strength (TS, Rm), yield strength (YS, Rp0.2) and ductility (in terms of percent 
elongation) versus aging time for all tested specimens are shown in Fig. 1. The TS and YS of 
aged specimens dropped with the increase of aging time at 700℃ until 4 h comparing with 
those of un-aged ones. However, the TS and YS of specimens aged from 10 to 24 h increased 
markedly, as well as the ductility increased initially and reached a peak value at 4h and then 
reduced with increasing of aging time from 10 to 24 h. The result is different from the general 
law in which the TS and YS of DSS increase with increasing aging time. 

 
Fig. 1 - Tensile strength, yield strength and elongation of the specimens aged at 700℃ for 

different times from 1 to 24 h 
. 
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ABSTRACT 

The reaction of aluminum and water is among the most energy dense reactions known - 
producing roughly equal amounts of energy in the form of hydrogen gas and heat. Recently, a 
new high-efficiency method for activating aluminum was discovered that allows it to react in 
water.  Cold-worked aluminum immersed in a bath of liquid gallium and indium allows the 
liquid metal to penetrate the grain boundaries of the aluminum. The treatment results in liquid 
metal embrittlement and activation of the bulk aluminum while using a minimal amount of 
gallium and indium. It is hypothesized that the highly worked grain structure of the 
aluminum, as a result of cold working, is a major contributing factor to the reactivity of the 
activated aluminum. This paper shows the importance of residual stresses on reactivity by 
comparing treated, stress-relieved 6mm aluminum spheres with un-annealed spheres which 
contain residual stresses as a result of manufacturing. Cold working the aluminum results in 
hardening of the material via residual stresses in the grains, providing favorable conditions for 
liquid metal embrittlement and thus activation of the aluminum. Hydrogen yield from the 
aluminum-water reaction is measured as a means to quantify energy efficiency and the effect 
of residual stresses on activation of the aluminum. Results show that annealing the aluminum 
and thus eliminating residual stresses in the aluminum bulk reduces the hydrogen yield by 
more than 70%.  

 
Keywords: aluminum, hydrogen, embrittlement, gallium, indium, water. 

 

INTRODUCTION 

Aluminum is well known for its high energy density, abundance in the Earth’s crust, and 
ability to react with water to generate heat and hydrogen [1]. However, the thin oxide coating 
that surrounds aluminum makes it difficult to use as an energy source since the coating forms 
rapidly and is stable even at elevated temperatures (1<RPB-AL<2) [3]. Eutectics of gallium, 
indium, and/or tin have been shown to activate aluminum as they have strong affinities for 
aluminum grain boundaries. Cast alloys (Woodall et al., 2011) and ball-milled aluminum 
powders (Ilyukhina et al., 2017) combined with these eutectics have proven effective at 
activating aluminum, however these methods are either too costly, impractical to handle, or 
pose explosivity hazards [4][5].  

Recently, the present authors invented a method for activating aluminum in which 0.3g 
spheres of aluminum are treated in a heated Ga-In eutectic bath. The Ga-In eutectic travels 
along the grain boundaries, embrittling (via liquid metal embrittlement) and activating the 
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aluminum bulk. The spheres were then cured for 7 days and reacted in water to near 90% 
efficiency, while containing only 3-4 wt. % Ga-In. It has been shown that stressed aluminum 
is a pre-requisite for liquid metal embrittlement to occur [6]. These spheres have high residual 
stresses as a result of forming; they were extruded, forged, and then polished. In order to 
determine the effect internal stresses have upon the efficiency of the aluminum once it is 
activated, 0.3g aluminum spheres were annealed at 412oC (775oF) for 3 hours then cooled at 
10oC/hour. The spheres were then treated and reacted in water in the same manner as the un-
annealed spheres. 

 

EXPERIMENTAL SETUP 

Aluminum spheres 6mm in diameter weighing 0.3g were annealed at 412oC (775oF) for 3 
hours. The annealed spheres were then treated in heated Ga-In eutectic baths for 2 hours then 
allowed to cure for 7 days. The spheres were then reacted in 5mL of deionized water and the 
hydrogen volume was recorded after no additional noticeable hydrogen was being generated 
by the reaction. SEM imaging was then done on fractured sphere sections  

 

RESULTS  

The results show that annealing the spheres has a significant effect on hydrogen yield when 
the spheres were reacted in water (Fig. 1). Hydrogen yield was calculated by comparing the 
measured H2 volume to the expected H2 volume. The extent of the annealing was also 
examined using scanning electron microscopy (SEM). The spheres were sectioned to compare 
the internal structure and grain sizes before and after annealing (Fig. 2) 

. 

 

 
Fig. 1 - Hydrogen yield comparing annealed spheres to un-annealed spheres.  
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(a) 

 
(b) 

Fig. 2 - SEM images of un-annealed sphere (a) and an annealed sphere (b) 

 

CONCLUSIONS 

The process of annealing affects the internal structure of aluminum spheres, resulting in 
apparent grain growth as well as the disappearance of the forming lines caused by 
manufacturing. Annealing had a significant effect on hydrogen yield with annealed aluminum 
spheres producing on average 71.6% less hydrogen than un-annealed spheres. However, the 
mass of annealed spheres is on average 0.010g less than un-annealed spheres, indicating that 
the annealing also affects the treatment process. This shows that the presence of internal 
stresses in the aluminum, as a result of manufacturing, play an integral role in the reactivity of 
the aluminum once treated. Further investigation is needed to quantify the extent to which 
cold-working affects the treatment process and subsequently the hydrogen yield. 
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ABSTRACT 

This work contributes to a better understanding of the seismic response of cantilevered sign 

support structures used in highways. For such, the present paper presents a comparative study 

of the seismic response of a cantilever sign support when subjected to earthquakes with and 

without a tuned mass damper (TMD). The paper starts with a brief summary of different 

methodologies to assess seismic input on structures. Some guidelines on the considered 

procedure for the selection of appropriate suites of accelerograms complying with Eurocode 8 

prescription for Portugal (Faro) are presented. To mitigate earthquakes dynamic effects, the 

sign support structure can be equipped with a TMD with proven efficiency and ease of 

application and modelling, for the out-of-plane vibration control of the sign support in terms 

of displacements and accelerations reductions when the structure is subjected to series of real 

accelerograms compatible with the earthquake scenario of Eurocode 8-1.  

Keywords: seismic response, Eurocode 8-1, cantilevered sign support structure, TMD.  

 

INTRODUCTION 

Highway sign support structures have been studied previously by the authors, in the 

viewpoints of stability and design under the Eurocode 3-1 and equivalent international 

regulations; moreover some significant aspects of the wind response (fatigue considerations 

implication) have also been addressed in other studies by the authors. This work also presents 

a comparative study of the seismic response of a cantilever sign support when subjected to a 

series of real accelerograms compatible with the earthquake scenario of Eurocode 8-1. 

There are two basic methods for identification of earthquake scenarios. The deterministic 

seismic hazard analysis approach (DSHA) and the probabilistic seismic hazard analysis 

(PSHA). Frequently, a probability of exceedance deemed socially acceptable is specified by a 

building code - typically 10%, 5% or 2% in a period of 50 years, depending on the type of 

structure. For a particular site the PSHA must estimate the level of shaking associated with 

that probability (in our study 10% in a period of 50 years, with a return period of 475 years).  

 

RESULTS AND CONCLUSIONS 

Fig. 1 shows 14 scaled records (7x, 7y) compatible with EC8-1 target spectrum for Faro. 

REXEL computer software selects the records according with a parameter, which measures 

how much the spectrum of an individual record deviates from the target spectrum of the code. 

The Fig. 2 represents a cantilevered sign support, constituted by a square hollow cross-section 

250*250*8 mm (uniform member) in S355 strength steel. The column and the beam have a 
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length of 6.5 m and 6.0 m, respectively. The signboard dimensions can also be seen in Fig. 2. 

Fig. 3 shows the first four modes of vibration of the cantilevered model used in the analysis.  

T(s) 
Fig. 1 - Results of the 14 selected records, scaled response spectra and target spectrum  

             

Fig. 2 - Example of a cantilevered sign support structure (left) geometry of the design example (dimensions in mm, center) 

and numerical model of the cantilever sign support (right) 

         

Fig. 3 - First, second, third and fourth modes of vibration (from left to right) for the numerical model  

Using a TMD in the highway sign, modeled with optimal parameters associated with a 1% 

mass ratio, it was concluded that in terms of maximum accelerations (mean values) reductions 

of the order of 28% can be achieved. For the maximum displacements (mean values) it was 

concluded that the structural reference system is less effective, achieving reductions of 14%. 
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ABSTRACT 

This work determines the numerical vibration characteristics and verifies the seismic response 

of FEUP (School of Engineering of the University of Porto) new campus library building, 

through the application of new seismic regulations EN 1998-1 (Eurocode 8). The building 

under study was designed in 1995, so based on the previous design rules RSAEEP 

(Regulations on Safety and Actions for Structures of Buildings and Bridges) and REBAP 

(Regulations for Reinforced and Prestressed Concrete Structures). For the building 

characterization and seismic analysis and performance according to EN 1998-1, the respective 

numerical modeling was performed by using two distinct types of software: SAP2000 and 

Robot Structural Analysis. These enabled comparisons between the results obtained from 

each type of software. The analysis performed, showed that the shear walls mostly resist to 

earthquake action; this led to a new numerical formulation in which the contributions of the 

columns in the resistance to the seismic action was not accounted for. 

Keywords: Eurocode 8, seismic analysis, numerical modeling of library building. 

 

INTRODUCTION 

The library building of FEUP new engineering campus (at Asprela in Paranhos 

neighbourhood, Porto) of the University of Porto (Portugal) is one of FEUP’s most iconic 

structures (Figure 1), especially due to its intrinsic library infrastructure and services provided 

with international comparative quality. It is therefore fully understood that its damage or loss 

in a catastrophic event would constitute a double loss: as property, and as inherent source of 

engineering core depository of potential knowledge and know-how. 

 

Fig. 1 - The Library building of the Asprela engineering campus FEUP of University of Porto 

The library building was modelled in SAP 2000 (SAP) and in AutoDesk Robot (Robot) 

structural analysis software, which are based upon finite element discretization. 
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The library building structure was inserted through a grid methodology, defined in the X-

Y-Z directions, which has the following advantages: homogenization of all input work, 

better control of insertion of structural elements, and better match of an almost geometric 

equality between the two numerical models. The structural elements are inserted at the 

alignments of their centre of gravity. In both software columns and beams were modelled 

using bar elements, while the stiffening walls were modelled by shell elements (Couto, 

2013). 

 

RESULTS AND CONCLUSIONS 

The first three vibration mode shapes (out of five modes that will be envisioned) using 

SAP are shown in Figure 2, while the one’s obtained using ROBOT are also similar and 

will be included in the final detailed paper. Their relative precision is ascertained 

calculating the MAC parameter for these modes (Allemang, 2003).  

       

Fig. 2 - First three mode shapes evaluated by using SAP 2000 

 

The distribution of seismic forces in the x and y horizontal directions, of the three 

dimensional (3D) modelling of FEUP’s library building, is also calculated using SAP 

2000 and using ROBOT. According to the Eurocode 8 (EN 1998-1, 2009) the columns can 

be considered as secondary level structural elements if they absorb less than 15% of the 

seismic action. Based on this it can be said that for all practical purposes the columns in 

the library building are secondary elements, and the major supporting elements assuring 

structural seismic performance and stability are the stiffening walls. 
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ABSTRACT 

The main goal of this work is to evaluate the response of the diagonals members of steel 

lattice towers with circular profiles cross-sections, under the wind load determined according 

to the current regulation EN1991-1-4. For this study, it has been developed a program in VBA 

using Excel for the evaluation of the response due to vortex shedding induced vibrations and 

possible failure due to fatigue. A formulation is proposed is for the mitigation or supressing of 

the amplitudes of vibration, using the Ansys Fluent software for testing. The results obtained 

of applying small fins in the center section of certain diagonals of the telecommunication 

tower, with potential to failure due to vortex shedding in the perpendicular direction of wind 

load, are expected to minimize the damage due to fatigue and increase the expected life time 

of the structure.  

Keywords: steel towers, wind vortex induced vibrations, suppressing of vortex excitation. 

 

INTRODUCTION 

The telecommunication towers design is strongly influenced by the project requirements. For 

lattice towers, it is necessary to analyse the loading effects on is slender members, as well as 

their resistance. One of the crucial analyses is related with the dynamic wind loading, which 

can lead to local failure of members and may create a sequence of others failures, until the 

resistance and stability of the tower structure is lost, leading eventually to global failure. 

Thus, wind related phenomenon like vortex shedding should and must be consider.  

It can lead in the worst scenario, to large amplitudes of resonant vibration. Hence provoking 

oscillations in the transversal direction leads to fatigue problems in the tower’s elements. 

The vortex shedding occurs in the diagonals of the telecommunication towers, essentially 

because of the forms of their sections. The non-linearity of the phenomenon creates 

difficulties in the approaches and analysis for it study. 

The aim of this work is to optimize the analysis of the vortex shedding on steel diagonals of 

lattice towers using a simple software and predict the potential elements at risk. 

Consequently, knowing the diagonals that may experience some induced vibration problems, 

the final goal of this work is to present a method of minimizing the damage using CFD 

Simulations on Ansys Fluent. The results obtained may be useful for future projects and for 

lattice tower designs. 
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RESULTS AND CONCLUSIONS 

Analyzing a potential diagonal at risk of damage due to fatigue caused by vortex shedding, 

evaluated on the Calculation Software develop on VBA Excel, the results were obtained for 

specific normative wind conditions considering the used second method presented in the 

Eurocode. 

Table 1 - Results for the diagonal 588 of S15 related to the verification of failure prediction due to 

lateral vibrations. 

Method 2, considering turbulence 
2, not considering 

turbulence 

vcrít (m/s) 4,786 4,786 

Nc 2
.
10

6
 2

.
10

6
 

∆σc (MPa) 71 

∆σFreq (MPa) 63,57 84,5712 

m (curve slope) 3 3 

N (Resistant cycles) 1,832
.
10

6
 7,781

.
10

5
 

Damage prediction 41,5 days 17,6 days 

 

Using the method proposed to minimize the vibrations due vortex shedding, it was tested on 

Ansys Fluent the difference of lateral tendency to move. Although, it shows an increase on 

drag movement in the direction of wind load.  

                              
(a)                                                                                         (b) 

Fig. 1 - (a) Diagonals with potential to suffer damage due to Vortex Shedding; (b) solution 

for the mitigation of lateral vibrations 

 

 

                     

Fig. 2 - CFD results with applied solution of vortex shedding disturbance (2D view - top view) 
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ABSTRACT 

This paper aims to evaluate the long term use and aging effects on the electromagnetic and 

mechanical characteristics of a magneto-rheological (MR) fluid sponge damper. The device 

was used in several experimental research projects for ten years followed by four years of 

inactivity. It was used back in the last year during an experimental campaign to evaluate its 

effectiveness after these years of heavy use and inactivity. Thus, the dynamic behaviour of a 

MR fluid sponge damper at several mechanic and magnetic excitations is studied. Finally, the 

possible causes of the variation in the electromagnetic and mechanical responses of the MR 

damper with respect to the initial specifications are discussed. 

Keywords: magneto-rheological fluid, semi-active devices, MR damper. 

 

INTRODUCTION 

Controllable MR fluid based systems are a relatively new and promising technology for 

structural control of earthquake and wind induced vibrations. Among these, MR dampers are 

semi-active devices whose mechanical behaviour (stiffness and/or damping characteristics) 

can be modified in real time according to properly chosen conditions provided by control 

algorithms based on the structural response.  

It is known that durability issues of MR dampers are mostly related to fluid thickening, 

particle settling and oxidation and seal wearing. Since structural systems are usually designed 

for a life span of several decades, seismic control devices might be inoperative for a long 

period of time until the earthquake event actually happens. Thus, medium and long term 

durability of (MR) dampers is a main concern to ensure that these devices can operate 

properly after several years of inactivity. 

MR fluid sponge dampers are inexpensive and typically small semi-active devices aimed to 

be used in cost sensitive applications such as moderate-force vibration control in small 

systems such as washing machines. Besides, they have been widely used in several research 

projects to study the performance of semi-active control systems in reduced scaled mockups. 

These devices have conventional cylindrical body configuration and the main difference 

between this type of devices and typical MR dampers is that sponge based dampers have an 

absorbent matrix saturated with MR fluid in the piston rod instead of a chamber filled with 

MR fluid like traditional dampers. In this case a small sponge type MR damper model RD-
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1097-1 (Lord Corp., USA) was used to evaluate long term use and aging effects on its 

mechanical and electromagnetic properties (Figure 1). 

The enclosing cylinder is 32 mm in diameter and the damper is 253 mm long in its extended 

position with ±2.5 cm stroke. The device can operate within a current range from 0.0 A up to 

1.0 A with a recommended input value of 0.5 A for continuous operation and can deliver a 

peak force of 100 N at a velocity of 51 mm/s with a continuous current level of 1.0 A. 

 

Fig. 1 - MR fluid sponge damper (RD-1097-1 by Lord Corp, USA) 

Initially, the input-to-output electric response was studied in order to measure the output 

control current in the device with respect to an input control signal when the MR damper is 

powered up. The tests were carried out for six constant input voltages (0.0 V, 0.5 V, 1.0 V, 

1.5 V, 2.0 V and 2.5 V) and the corresponding output signals were acquired and recorded. 

Then, a series of mechanical excitation tests were performed to obtain the response for 

different operating current inputs. The experimental results were compared with the expected 

mechanical and electromagnetic specifications for this device. 

 

RESULTS AND CONCLUSIONS 

This study shows that long term use and aging of MR fluid sponge dampers have a substantial 

effect on the mechanical and electromagnetic behavior of this type of devices. This issue 

continued to be studied and further tests will be carried out in order to monitor and analyze 

the evolution of the deterioration of the characteristics of the MR sponge damper. 
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ABSTRACT 

This paper aims to evaluate the effectiveness of a semi-active fuzzy logic based controller 

(FLC) with velocity feedback to reduce the response of a three degree-of-freedom (DOF) 

system representing a three floor shear building frame under seismic excitation. The proposed 

FLC controller uses the first and third floor velocity measurements to determine the desired 

control signal to command a MR damper. In this study the actuator is rigidly attached 

between the first floor of the structure and ground. The membership functions of the FLC 

were optimized using a genetic algorithm (GA) in order to obtain the best relationship 

between the controller inputs and output according with a predefined training data. The 

comparison between the uncontrolled and the controlled structural responses is used to assess 

the performance of the proposed semi-active FLC controller. 

Keywords: structural control, genetic algorithms, semi-active control devices, MR damper. 

 

INTRODUCTION 

The study is based on the results of numerical simulations carried out on a three-story 

building subjected to an earthquake ground motion with an MR damper located between the 

first floor and the ground as shown in Fig. 1. The MR damper representing the actuator 

(control force in Fig. 1) can be used in a passive dissipation mode with constant operating 

current, i.e., no change in the control signal, or in a semi-active control mode in which the 

operating current is determined by a controller in accordance with the system response to 

improve the behavior and performance of the structure. 

 

Fig. 1 - Schematic representation of a 3DOFs system under earthquake excitation. 

Semi-active control with a MR damper at the first floor. 
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It is well-known that semi-active controller requires a properly designed control algorithm 

that can deal with the inherent non-linearities of the system as well as take full advantage of 

the controllable properties of the actuator. Thus, fuzzy logic control approach seems to be 

adequate for this purpose since they offer a systematic way to deal with non-linear systems.  

The main problem in fuzzy controller design is the construction of an initial rule base or to 

define the parameters of the fuzzy system. Intelligent or learning searching/optimization 

techniques such as ANFIS and GA can be used to improve the performance of this type of 

controllers and simplify the rule base procedure. 

Hence, a fuzzy controller was designed by using a GA-optimized procedure to find the 

membership function properties that ensure the best expected response of the control system 

in accordance with a predefined training data. In this study, the FLC was optimized based on 

the numerical results of a LQG controller. The surface of the proposed GA-optimized FLC is 

shown in Fig. 2. Velocity feedback is used to design the fuzzy controller since viscous 

damping can be directly related with velocity measurements. 

 
 

Fig. 2 - Surface of the GA-optimized FLC 

 

RESULTS AND CONCLUSIONS 

The effectiveness of the semi-active GA-optimized FLC with velocity feedback for vibration 

control of a three-story building structure equipped with a MR damper was verified. The 

results indicate that the proposed control system was effective in reducing the response of the 

structure to dynamic loading. 
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ABSTRACT 

In nowadays the increasing productivity in the shortest possible time and with high quality is 

undoubtedly one of the biggest challenges for the industry. Recently, the industry has turned 

to CNC machines very often, since they work automatically and are able to achieve high 

precision with a high performance. In this sense, the vibration has been presented during the 

last decades as one of the main limiting factors for the improvement of productivity specially 

in machining operations. This work contributes to the reduction of vibrations, proposing the 

use of optimization methods to minimize vibrations using milling parameters (cutting speed, 

feed speed, axial penetration and radial penetration) related to the section area. This study 

presents a theoretical analysis on the materials and tools used throughout the experimental 

trials, as well as the methods and programs used. During this study, two optimization methods 

were used: the Taguchi method and the Response Surfaces method.  

Keywords: milling, milling parameters, vibrations, resonance frequency, Taguchi method, 

response Surfaces method. 

 

INTRODUCTION 

Technologies involving chip removal operations, also known as machining processes, have 

suffered tremendous advances in the last decades. The machining of new materials has 

demanding the development of new tools and machines as well as the optimization of the 

machining parameters (Grzesik, 2008). To obtain good results in machining processes it must 

be guarantee a low surface roughness, high removal rate and long tool life (Ribeiro, 2017). 

These goals are reached choosing the optimal machining parameters and minimizing the 

vibrations effects. 

The aim of this work is development of a method that is able to optimize the machining 

parameters to improve the surface quality and minimize the vibrations effects. For that, the 

was used two different optimization methods, the Taguchi and Response Surface methods to 

minimize the vibrations during the machining process. The level of vibrations has a direct 

relation in the surface quality and the tool life. 

 

RESULTS AND CONCLUSIONS 

The vibration measurement obtained using the Taguchi and Response Surface (RSM) 

methods are represented in Figure 1. In Table 1 is presented the ANOVA of RMS for Y 

direction. 
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Fig. 1 - Comparison among the Taguchi and the Response Surface methods. 

 

Table 1 - ANOVA for Y direction. 

Grupo Df Sq Md F value Contribution (%) 

A 1 67.560 67.560 10.330 25.9 

B 1 1.292 1.292 0.200 0.5 

C 1 6.355 6.355 0.970 2.4 

D 1 0.116 0.116 0.020 0.0 

AxB 1 19.156 19.156 2.930 7.4 

AxC 1 28.406 28.406 4.340 10.9 

AxD 1 42.999 42.999 6.570 16.5 

BxC 1 36.723 36.723 5.620 14.1 

BxD 1 18.397 18.397 2.810 7.1 

CxD 1 6.670 6.670 1.020 2.6 

Resídual 5 32.699 6.540  12.6 

Total 15 260.372   100.0 

 

It is possible to optimize the milling parameters to minimize the level of vibration using both 

optimization methods. The convergence is faster using the RSM method than the Taguchi. 
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