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PREFACE
IRF2018 is the sixth international gathering of a prestigious series of Integrity-ReliabilityFailure conferences coordinated by the International Scientific Committee of Mechanics and
Materials in Design. This series of conferences are wholy devoted to advances in mechanics,
materials, structural integrity and design. IRF2018 is jointly sponsored by the University of
Porto, the University of Toronto and the Portuguese Society for Experimental Mechanics. The
conference attracted over 200 participants with 258 accepted submissions involving 702
authors from 42 different countries around the world. The conference themes which address
novel and advanced topics on Integrity, Reliability and Failure focused on Automotive,
Locomotive, Aerospace, Civil Engineering and Biomechanics, including Computational
Mechanics, Experimental Mechanics, Fracture and Fatigue, Composite and Advanced
Materials, Tribology and Surface Engineering, Mechanical Design and Prototyping,
Biomechanical Applications, Civil Engineering Applications, Energy and Thermo-Fluid
Systems, and Industrial Engineering and Management, among other topics.
The conference also included an Open Forum on “Can Professors Balance Scholarly Work,
Teaching and Admin? The Challenges Going Forward”, where an expert panel with many
years of collective and active researchers and educators addressed the issue of balancing the
activities of teaching, research and services within the universities.
We believe that the meeting offered our delegates a forum for the discussion and
dissemination of their recent work in assessing the integrity, reliability and failure of
engineering structures, components and systems, fostered research that integrates mechanics
and materials in the design process, and promoted exchange of ideas and international cooperation 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 258 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 comments. We are also indebted to the outstanding keynote speakers who
highlighted the conference themes with their contributions and covered the main topics of the
conference. We also take this opportunity to thank the members of the International Scientific
Committee and the reviewers for their time and helpful suggestions, the symposia organisers
for their efforts and valuable contributions to the success of the event, and the local organising
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 related to the topics discussed
in the present meeting, the next conference in this series (Integrity-Reliability-Failure /
IRF2020) will take place in the beautiful city of Funchal/Madeira, in July 2020. Undoubtedly,
we expect IRF2020 to be as stimulating and interesting as IRF2018, as evidenced by the
excellent contributions offered in this current event. We look forward to seeing all of you in
Madeira in July 2020.
Shaker A. Meguid and J.F. Silva Gomes
Lisbon / Portugal, July 2018
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STRATEGIES FOR IMPROVED VEHICLE SAFETY:
SURVIVABILITY OF OCCUPANTS
Shaker A. Meguid(*), Mohamed T.Z. Hassan
Mechanics and Aerospace Design Laboratory, University of Toronto, Canada
(*)
Email: meguid@mie.utoronto.ca

ABSTRACT
The Mechanics and Aerospace Design Laboratory at the University of Toronto has been
engaged in research concerned with crashworthiness and automotive safety for two decades.
In this presentation, we shall summarize our efforts and address occupants’ response to varied
collision scenarios analytically, numerically and experimentally. The analytical is based on
multibody dynamics, the numerical on nonlinear dynamic elasto-plastic finite element and the
experimental on crush and crash-worthiness tests of shock absorbers. Detailed Finite element
model of a human body is used to study occupant’s response during frontal, rear, frontal-torear and side collisions in car accidents. The research intends to show the effect of the
different parameters on altering the dynamic response of the occupants with emphasis on their
survivability using injury criteria. Specifically, the effect of deploying (or lack of) airbags,
seat belt, head rest, occupant’s awareness and posture will be examined and their influence on
occupants’ safety assessed. Additionally, the effect of the introduction of ultralight cylindrical
and conical shock absorbers, filled with metallic foam or unfilled, in vehicles upon the
reduction of the impact energy collisions is examined. We shall also examine future trends in
automotive safety and occupants’ survivability.
Keywords: whiplash, strategies, car safety, multibody dynamics, FEM, crashworthiness.
INTRODUCTION
Despite the significant enhancement in safety of motor vehicles in the last few decades,
whiplash, resulting from rear collisions, remains a serious injury and a source of trauma. It is
estimated that more than 800,000 whiplash injuries occur annually in the United States alone,
resulting in neck pain, limited neck movement, visual disturbance and dizziness. According to
the National Highway Traffic Safety Administration (NHTSA) the number of injuries
resulting from rear-ends collisions increased during 2007-2015 from 485,000 incidents to
556,000 incidents becoming the most common reason for injuries during motor vehicle
collisions. In order to provide better protection for occupants, it is important to identify and
compute the occupant’s response during collisions. Many techniques have been devised to
study occupants’ response during rear-end collisions. A number of experimental studies were
also conducted on volunteers. However, to limit injury to those volunteers, the level of
impact severity is reduced to an acceptable level. As a result, such studies are very limited. To
overcome this limitation, cadavers have been used in other experimental studies. Although the
use of cadavers allows testing at higher impact forces, the cadavers lack responsiveness due to
the absence of muscle activation. Anthropomorphic test dummies (ATDs) such as HybridIIIhave been widely used in crash tests and they too have many limitations. This does not in any
way reduce the great results and advance made as a result of these efforts in developing car
safety strategies for the passenger car. Advance in computer modeling and simulation has
added significantly to these strategies.
-3-

Keynote Papers

SAMPLE RESULTS AND CONCLUSIONS
A dynamics model of the head and neck to simulate occupant’s response in rear impact was
analyzed using Lagrange’s principle as given by:
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where  is the Lagrangian given by L = T - V,   is
the generalized velocities,  is the generalized
coordinates,  is the dissipation function given by Eq.
(2),  is the generalized forces,  is the kinetic
energy of the system given by Eq. (3) and  is the
potential energy of the system given by Eq. (4)
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Fig. 1 - Head displacement with
respect to T1 vertebra

where is the mass moment of inertia of the body,
is the mass of the body,
is the joint

stiffness,  is the joint damping coefficient,  is the absolute angular velocity,  is the absolute
linear velocity,  , and  , are the angle and angular velocity relative to the torso, respectively.
Figure 1 shows the resulting head
displacement. The seated FE
model response is shown in
Figure 2. Our results show clearly
that impact accelerations not only
affect
the
resulting
head
displacements, rotations and
forces to which the neck is
subjected during collision, but
also the time at which peak
displacements and forces occur.
Peak normal force and peak
Fig. 2 - Occupant’s response during the entire simulation for seat
moment at the occipital condyle
arrangement with no seat belt: Figures (a-e) show the occupant’s
occur during the extension phase position with respect to the car sear at 0 ms, 75 ms, 150 ms, 270 ms
and 350 ms.
of the neck (Fice et al.).
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ENHANCEMENT OF FATIGUE LIFE AND ELONGATION OF
METALLIC MATERIALS BY HIGH-DENSITY PULSED
ELECTRIC-CURRENT
Yang Ju(*)
Nagoya University, Japan
(*)
Email: ju@mech.nagoya-u.ac.jp

ABSTRACT
A new technique that can be used to enhance the fatigue life and elongation of metallic
materials by applying a controlled, high-density pulsed current was introduced. Austenitic
stainless steel, titanium-aluminum alloy and aluminum alloy were used as the test materials
under the conditions of with and without fatigue crack, with and without prestrain, and
standard. The effects of high-density pulsed current on the healing of fatigue crack, and the
delay of crack initiation, as well as the recovery of plastic damage were investigated in detail.
Furthermore, the effects of high-density pulsed current on the change of Vickers hardness,
residual stress, and dislocation density, as well as crystal size and orientation of the materials
were analyzed thoroughly to clarify the mechanism.
Keywords: fatigue life, elongation, high density current, fatigue crack, strain plastic damage,
dislocation.
INTRODUCTION
Fatigue fracture is an extremely important phenomenon in metal structures because most
mechanical components experience cyclic loads. Therefore, the improvement of long-term
durability and reliability of mechanical structures is required against fatigue fracture. On the
other hand, elongation is an important mechanical property of metallic materials which affect
the formability of mechanical components, especially for high-temperature resistance
materials. Therefore, it is necessary to develop a new method to enhance the elongation of
metallic materials.
SAMPLE RESULTS AND CONCLUSIONS
Figure 1 shows SEM images of the crack closure resulted by different numbers of the
application of high-density electric current. It is observed that the crack was closed at all
stages. The crack width was measured from the SEM images before and after the application
of the electric current. Comparing the width before the electric current and after the 35th
cycle, the crack width near the notch decreased from approximately 18.1 to 3.7 µm,
corresponding to a 79-89% closure. The bonding of the crack surfaces was confirmed by
cutting the sample vertically in the direction of crack propagation.
The behavior of the crack growth was evaluated quantitatively in order to research the effect
of the crack healing. It was observed that the crack growth rate decreased from 4.17×10-8 to
3.01×10-8 m/cycle immediately after the application of the electric current. After the 20th
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application of electropusling, the crack growth rate was lower than that before the electric
current until the crack had grown to 3.6 mm.
It was also found that fatigue crack initiation was delayed after the application of the electric
current. The delay effect tends to increase with the decrease of maximum net stress. The
application of the electric current is more effective at the lower stress.
The TEM photographs of the typical dislocation structures are shown in Figure 2. The density
of dislocation after the application of the electric current was much lower than that before the
application of the electric current. The decreasing of dislocation density was concluded on the
basis of the observation of the three samples. The lower dislocation density verifies that the
electrical stimulation has an effect on the disappearance of dislocations.
The closure of the fatigue crack and the bonding between the crack surfaces were realized by
applying the high-density electric current. Decreasing the crack growth rate temporarily was
also succeeded. In addition, the delay of fatigue crack initiation was realized due to the
decrease of dislocation density. It was found that the technique with the electrical stimulation
has the potential to heal a fatigue crack and to restore fatigue damage.

Fig. 1 - Fatigue crack closure resulted by the highdensity electric current: (a) before; (b) after 8th; (c)
after 35th applications of the electric current [1].

Fig. 2 - The dislocation structure after the fatigue test:
(a) before; (b) after the application of the electric
current [2]
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ABSTRACT
The positive role of sports and physical activity to maintain health and well-being is not
questioned. On the other hand we have to register a significant number of acute and also longtermed injuries which are related to practising sport. A good estimate for European countries
is an injury rate of approximately 500 per 10.000 which would accumulate to 3,28 million
sports related injuries in the UK.
Under the leadership of two well-known institutes, Oslo Sports Trauma Research Centre and
the Research Centre for Physical Activity, VU Medical Centre, Amsterdam, the European
College of Sports Science has published a consensus paper on the prevention of acute sport
injuries. This research group sees the use of equipment designed to reduce injury risk at first
position of the most successful prevention measures.
For this reason one major concern of our research is to improve protective equipment or even
to develop new concepts. Further we also look at functionality and performance of sporting
goods, because this is often also linked to safe operation. From a methodological standpoint,
investigations in this field may become rather difficult because for ethical reasons
experiments with subjects have to be ruled out. Instead we sometimes have to use mechanical
(physical) and mathematical models to simulate the behaviour of (protective) equipment in
safety critical situations.
Keywords: safety in sports, footwear, sports injuries, protective equipment.
RESULTS AND CONCLUSION
The keynote presentation will give three examples of our research:
(i) The first in the field of footwear design applied to soccer and trail running, Figure 1;
(ii) The second example illustrates the protection capacity of sport helmets, Figure 2;
(iii) The third deals with opportunity of and the challenge to develop mechatronic ski bindings in
order to reduce the number of knee injuries, Figure 3.

Fig. 1 - Comparison and evaluation of shoe-surface interaction factors in
subjective and objective measurements
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Fig. 2 - Experimental setup with thermal head model and fan

Fig. 3 - Artificial Knee Joint and Ski Load Simulator. Principle
of the load application of the test rig.
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ABSTRACT
The aim of this paper is to present the effect of a metal reinforcement placement upon the
properties of a sandwich composite. The authors conducted an investigation of the composite
with a metal reinforcement, which is an equivalent of an ablative material used in aviation
technology, among others for covers of avionics instruments. The need to ensure ablative
properties of the examined material as well as the homogeneous temperature field in the
material lead to experimental studies over various modifications of ablative materials. The
authors have attempted to determine impact changes in the metal reinforcement setting in the
examined structure upon the change in ablative properties. The most important parameters
determined from the experimental testing were the temperature increase on the rear surface of
the test sample and the ablative mass loss.
Keywords: composite, ablation, metal, thermal protective, ablative shields.
INTRODUCTION
The present paper deals with the problem of an ablative phenomenon which refers to
materials of spacecraft surfaces entering the earth’s atmosphere (Bianchi, 2016; Laub, 2003)
as well as hypersonic vehicles moving at speeds much exceeding the speed of sound (Glass
2008; Ho, 2009). Ablation is a self-regulating heat and mass transfer process, which, due to
physical and chemical reactions, leads to irreversible structural and chemical changes of a
material combined with heat absorption at the same time. The process is initiated and
sustained by external sources of thermal energy (Kucharczyk, 2010; Torre, 1998). Therefore,
ablative materials during their exploitation undergo thermal decomposition at the time of
heating the surface to a temperature of 250 to 600 °C. This brings about the necessity of
conducting continuous research into the properties of ablative materials which are to meet
their exploitational function by applying a different type of matrix with fibres and additives in
order to create a material of optimal thermo protective properties (Butler, 2016).
Fibre-metal laminates combine the properties of both a metal and a composite material
reinforced with fibres. Their application, as ablative materials, is constantly growing, mainly
in the aviation and space industries, due to a demand for modern materials with high thermal
properties. The reason for this is the possibility of further exploitation of a spacecraft which is
exposed to heat, causing the rise in temperature of the vehicle surface to even above 1,000°C
(Kucharczyk, 2010).
Currently, studies are being conducted over the manner of modifying structures of ablative
materials made with fibre-reinforced epoxy composites (Zang, 2010) as well as the
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modification of composite structures through the addition of nanofillers (Czigany, 2005) or
aerogels structure (Natali,2012). The effect of additives on the properties of ablative
composites has been more and more widely studied due to significant changes in their
structures and thus the ablative properties of a composite, resulting from the impact of a heat
flux.
EXPERIMENTAL
In the ablative materials during the course of ablation, it is possible to observe several
characteristic layers (Figure 1) at the border of the gas phase and the solid phase, an ablation
surface is created. The surface of decomposition, separating the ablative layer from the
original material is called the ablation front.

Fig. 1 - Diagram of the physical model of ablation [Kucharczyk, 2010]

The thermo protective ablative research was realized on the author’s own construction stand
(Figure 2), in accordance with the assumptions and methodology.

Fig. 2 - Laboratory research stand [Szczepaniak, 2017]

The authors attempted to determine the ablative properties of polymer composites combined
with Inconel/Alloy 600 and the effect of its placement upon a temperature rise on the rear
surface. The composites were made with Inconel/Alloy 600 with aramid and carbon
reinforcement, whereas the matrix base was made with resin Epidian 52 and TFF hardener.
-14-
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The tests were carried out with regard to a temperature rise also in the tested material in order
to accurately determine the propagation of heat inside the material. The thermal stimulation
on the surface equaled approximately 1,100°C over a period of up to 180 seconds.
The structure of the test samples and the places of measuring the temperatures are shown in
Figure 3 while the variability of placing the metal reinforcement is depicted in Figure 4.

Fig. 3 - Sample structure and places of temperature measurement

Fig. 4 - Movement of metallic reinforcement in the sample

The mass and thickness of particular samples before experimental studies have been presented
in Table 1. The number of layers behind the metal plate in the composite was given.
Table 1 - Placement of thermocouples and Inconel/Alloys 600 in composite, including its mass and thickness
Sample number
1
2
3
4
5

Number of layers behind the metal
plate
0
3
6
9
12
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Mass [g]

Sample thickness

23.06
26.53
22.89
25.45
22.50

8.54
9.79
7.38
8.73
7.87
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RESULTS AND CONCLUSIONS
During the testing the samples were exposed to temperatures of approximately 1,100 °C
(1,000-1,200 °C measured by means of a pyrometer), generated by a heat flux during the
combustion of propane-butane (Figure 5 - temperature of ablative surface). During the
examination, neither the angle nor the strength of the heat flux was changed.

Fig. 5 - Temperatures of ablative surface

At the time of the examination, 5 measurements of temperature values using thermocouples
were distributed in the sample. The sample temperature changes resulting from the impact of
the heat flux are presented in Figure 6.

Fig. 6 - Temperature change in sample

On the basis of the photos taken by a thermal imaging camera, an assessment of the
correctness of fixing the samples in the protective plate was made (Figure 7). Which is more
an even distribution of the temperature field of the rear surface was checked.
-16-
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Fig. 7 - Sample structure and places of temperature measurement

An important phenomenon occurring during ablative combustion is aerodynamic erosion, as a
result of which the layers of material on the border of the gas phase and a solid phase float,
which can be seen in the photos of the sample after ablative testing (Figure 8)

Fig. 8 - View of the sample after ablative testing

If there is ablation with the erosive effect, it is necessary to take into account the loss of mass
of the ablation surface (Table 2) since it exerts a significant impact on the occurring
thermochemical reactions. During the erosion, the position of the ablative surface changes its
-17-
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position while the process is taking place. This fact, changes the speed of the front of ablation
and the speed of increasing the thickness of the ablation layer. The constant mass loss also
changes the thermal conditions in a heated material, which may lead to the halt of initiating
certain thermochemical processes in the ablative layer. This is one of the characteristic
parameters during the testing of ablative thermo-protective properties, being referred to as the
relative mass loss (Figure 9). It describes a percentage rate of erosion of a material at a given
time and under specific conditions of the ablation process.
Table 2 - Mass of samples, ablative mass loss and thickness after the tests
Sample
number

Sample mass after
examination [g]

Ablative mass loss
[g]

Ablative mass loss
[%]

Thickness after the test
[mm]

1

19.56

3.5

15.17

7.4

2

20.92

5.61

21.15

8.24

3
4
5

18.94
21.83
20.14

3.95
3.62
2.36

17.27
14.22
10.49

6.74
7.87
7.31

Fig. 9 - Ablation mass loss

Another important parameter measured after the test is the loss of the thickness of the sample
resulting from thermo protective processes during the investigation (Figure 10). On the graph
the blue colour was selected to mark the sample thickness after the experimental tests, while
the orange colour indicated the loss of sample thickness.
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Loss of
thickness

Thickness
after
examination

Fig. 10 - Change in sample thickness

The most relevant ablative parameter, however, is the temperature on the rear surface of the
insulating wall (Figure 11). It is used to determine the reduction of the temperature in the
insulating wall, which is a decisive parameter when choosing thermo protective materials.

Fig. 11 - Rear surface temperature (T5)
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In order to evaluate the impact of a high temperature thermal stream upon the structure of the
examined materials, photos of the surface of sample no 1 were taken on an electron
microscope. The damaged layers were removed; the remainder of aramid fibres and carbon
fibres as well as all types of impurities were cleared. The authors took pictures in
magnifications (Figure 12) 4 layers of the sample (photos on the left) and 7 layers of the
sample (photos on the right) from the ablation surface.

Fig. 12 - Structure of composite components after testing thermal resistance (layer 4 and 7 of the sample)
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CONCLUSIONS
Having analysed all the research findings and observation of the course of the investigation as
well as microscopic photographs of the structure, the following conclusions may be drawn:
- Owing to the use of polymer ablative composites in connection with the superalloy
Inconel/Alloy 600, the temperature was reduced several times in relation to the ablation
surface temperatures obtained during experimental studies;

- During the test with the burner, the first layers underwent aerodynamic erosion and were
partially or completely separated from the sample, which indicates ablative properties of
the investigated materials;

- The distribution of temperature on the rear surface of the sample was roughly
homogenous; the occurring disturbances could have resulted from an uneven thickness of
the sample, which did not considerably influence the final measurements;
- Changing the position of the metal plate in the composite and its placement closer to the
ablation surface resulted in a smaller reduction in the temperature on the rear wall surface
of the sample in the final phase of the examination, as well as reducing thickness loss.
- The location of the metal plate in the composite also affected the ablation mass loss Ua.
Along with the change in the placement of the metal and its moving away from the
ablation surface, the relative ablation loss of mass was decreased (from approximately
21% in sample 2 to approximately 10.5% in sample 5).

- The structure of the samples differs depending on the layers which were examined
microscopically. In the samples it was possible to observe destroyed structures of fibres
which were affected by ablation. However, after the separation of successive layers,
smaller wearoff and larger matrix remains were visible.
Thus, it can be clearly stated that the use of the spacer in the form of metal in the composites
with fibre reinforcement may considerably change the ablation mass loss; it will also affect
the temperature reduction on the rear surface of the sample.
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ABSTRACT
The aim of this paper is to demonstrate the influence of a sandwich composite with aerogel
upon the change in thermal properties of the examined structure. The authors conducted
research into this kind of a composite due to its application in aviation technology, including
covers of avionics instruments. The necessity of providing thermal insulation for sensitive
components of these devices requires ensuring their airworthiness after the impact of a heat
flux on their covers. The research aimed at determining the thermal resistance of the structure
made with a sandwich composite with aerogel. The most important parameters determined
from experimental testing were the temperature increase on the rear surface of the test sample
and the structure of the sample after the examination.
Keywords: composite, ablation, aerogels, thermal protective, aviation.
INTRODUCTION
Fibre-metal sandwich laminates combine the properties of both an aerogel and a composite
material reinforced with fibres. Their development was intensified mainly in the aviation and
space industries due to a demand for modern materials with high thermal properties and low
weight (Bianchi, 2006, Schmidt, 1969). Spacecraft are exposed to large amounts of heat due
to friction in the atmosphere, as a result of which the protective surface is heated to even
above 1,000°C. Therefore, it is necessary to use modern materials with increased thermal
resistance and low mass, at the same time. In addition, high heat resistance is also required for
the construction of protective shields in flight data recorders.
Polymer-based composites remarkably quickly lose their properties when the temperature, at
which their elements are made, rises above the glass transition temperature which, in the case of
duroplasts ranges from 60 to 160°C, and for thermoplasts it is between 80 - 300°C. The addition
of a spacer element in the form of aerogel can improve composite resistance to temperature
changes of the operational environment, since shaping ablative thermo protective properties is
based on searching for materials with high specific heat cp(T), high-density (high heat capacity)
as well as low thermal conductivity coefficient (t) (i.e. low thermal diffusivity (t) (Kucharczyk,
2007).
Currently, studies are being conducted over the method of creating structures of ablative
materials made with fibre-reinforced epoxy composites (Zang, 2010, Bogoeva-Gaceva G,
2009) as well as the modification of composite structures through the addition of nanofillers
or aerogels structure (Natali, 2012; Cheng, 2010, Beaudet J, 2011). The effect of additives on
the properties of ablative composites has been more and more widely studied due to
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significant changes in their structures and thus the ablative properties of a composite,
resulting from the impact of a heat flux.
In view of the high demand for this type of material (resistant to degradation during long
periods of operation at increased temperatures (Jurkowska 2010, Butler, 2016), an attempt
was made to determine the impact of placement of an aerogel sandwich layer for thermal
resistance of a polymer composite with a fibre reinforcement.
METHODOLOGY OF RESEARCH
The authors prepared 10 composite samples, 35 mm in diameter. As the reinforcement
material, 8 layers of aramid fabric were used, 220 g/m2 in weight and 3 layers of carbon
fabrics, 160 g/m2 in weight. The matrix was made up of Epidian 52 resin, cured with TFF
hardener, produced by the chemical plant Organika-Sarzyna in Nowa Sarzyna. The sandwich
material was "Pyrogel XT-plus E", 5 mm thick. In order to determine the impact of
the application of the spacer material on the ablative thermo protective properties of
the polymer composite, the authors prepared samples in five variants of the distribution of
aerogel and thermocouples in the composite (Table 1).
Table 1 - Distribution of sandwich material and measuring items in individual variants of the
manufactured composite

I variant

II variant

III variant

IV variant

V variant

fibre aramid
thermocouple type J
fibre carbon
thermocouple type K
aerogel mat

For the needs of the research, the authors used a test stand equipped with an ablative gun
designed and constructed for an investigation of this type of materials (Figure 1).
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Fig. 1 - Research stand

The sample was subjected to a flame, whose temperature was equal to 1,100 ºC. The duration
of the test was limited to 120 seconds for each sample. Because of a wide range of
temperatures occurring in different places of the composite, it was necessary to use two
different types of thermocouples. For higher temperatures (the ablation front of the sample),
the authors used a thermocouple type K, while for the lower temperatures (from the rear
surface of the sample) - type J. There were 3 thermocouples - type J and 2 thermocouples type K, placed in each of the tested samples, in accordance with the variants presented
in Table 1. The temperature was recorded by means of a device made by National
Instruments, model SCB as well as LAbVIEW software. The temperature on the ablation
surface (exposed to a flame) of the tested sample was measured using a pyrometer made by
Optris, model CT, along with the head equipped with a laser pointer of the place of
measurement. In addition, the image of the temperature distribution on the rear surface of
the sample exposed to a heat flux was recorded by a thermal imaging camera Flir b50, image
resolution of 19,600 pixels (140 x 140) and camera resolution of 2.4 MP (Figure 2).
On completion of the examination, the authors evaluated the structure of the selected samples
using a microscope Hitachi's, TM3030 Plus model.

Fig. 2 - Course of thermal resistance examination
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In order to analyse the impact of placing a sandwich layer in aerogel upon thermal resistance
of a polymer composite with a fibre-reinforcement, the temperature was measured on the back
surface of sample T5, inside composite T1-T4; also the relative ablation mass loss Ua was
determined, as well as analysing the structure of composite components, especially
the material of the aerogel sandwich layer.
RESULTS AND CONCLUSIONS
Prior to the test, the measuring system was calibrated. Also the optimum distance from the
ablation gun to the ablation surface was determined in order to obtain the temperature of
approximately 1,000-1,200 °C. The recorded temperatures were marked from "T1",
specifying the temperature inside the composite layers which was most exposed to the heat
flux, up to "T5", which specifies the temperature on the rear surface of the tested sample
(Figure 3).

Fig. 3 -Manner of marking the recorded temperatures

On the basis of photos taken by the thermal imaging camera, an assessment of the correctness
of fixing the samples in the protective plate was made (Figure 4).

Fig. 4 - An example of a photo of the rear surfaces during the test

The centre of the tested samples is much cooler than the remaining part. The occurring high
temperatures on the edges are caused by heat dissipation through places insulated with thermo
protective silicone, whose properties may be not as good as of the tested material, preventing
a total separation of the sample from the protective plate.
The main parameter for the analysis of the impact of the sandwich aerogel layer upon the
thermal resistance of the polymer composite with a fibre-reinforcement was assumed to be the
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temperature on the rear surface of the tested material ("T5"). Furthermore, in order to
compare the impact of the location of the aerogel sandwich layer in particular variants of the
manufactured composites, the authors used the temperature read out in the last second of the
examination, thus after 120 seconds of the impact of the heat flux upon the tested material.
The findings have been shown in Figure 5.

Fig. 5 - Final temperature of the rear wall surface of sample T5 in individual variants
of the distribution of an aerogel sandwich layer

Along with moving the aerogel towards the front of the composite, the temperature on the rear
walls is rising. However, this increase is not proportional. Despite this, one can easily observe
that the average temperatures in variants I-III are much lower than in the last two. In addition,
a detailed analysis of the distribution of the temperatures both inside
the composite and also on the rear surface of the sample was performed (Figure 6).

Fig. 6 - Temperature distribution during the examination for sample I-1

In the case of a composite with an aerogel spacer layer, placed behind the last layer of
the aramid fabric, the maximum temperature value "T5" equals 86 °C, thus the composite
reduces the temperature by approximately 790 °C. In addition, the difference between the
average temperature before the last layer of fabric and the temperature on the rear surface is
approximately 300 °C, which constitutes a 45.6% reduction in the temperature of the ablation
layer.
Ablative loss of mass was determined on the basis of an analysis of the changes in thickness
and weight of the examined samples, before and after the heat resistance tests (Figure 7).
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Fig. 7 - Relative ablative loss of mass Ua [%]

The greatest weight losses were recorded for samples of variant no. 1 (Figure 7). This was
caused by an ablative distribution of layers which were the closest to the flame. Variants, in
which the distribution of layers ended on aerogels are characterized by a much smaller loss of
weight, in the sample of IV-1, merely 8.1%, while in variant I they reached the value of
approximately 60%. The loss of thickness (thus also of volume) of samples is comparable for
each distribution of aerogel in the composite (Figure 8).

Fig. 8 - Relative ablative loss of mass [%]

In order to assess the impact of a high temperature flux on the structure of the aerogel, the
authors selected samples no I-1 and III-2. The damaged layers were removed; the remainder
of aramid fibres and carbon fibres as well as all types of impurities were cleared. Pictures at
magnification 50x, 200x, and 500x (Table 2) were taken.
In the pictures shown in Table 2, it is possible to observe, on the left, the aramid fibres which
were placed as layer 8 from the front of the sample. On the right side, there are photos of
aerogel placed as the last layer of the composite. The photos of aramid show an undamaged
structure of the fibers, regardless of the size of the applied magnification. Furthermore, the
residues of resin which bonded particular layers are easily observed. The aerogel was not
damaged in any way; the fibres are not fractured. In between it is possible to see the remains
of the resin. In the photos one can also notice the differences in the structures of aramid and
aerogel mats.
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Table 2 - Structure of composite components after the examination of thermal resistance
8th composite layer

Aerogel mat

X
50

X
200

X
500

CONCLUSIONS
On the basis of the analysis of the obtained findings of experimental studies and the
observation of the course of the examination as well as the observation of microscopic
structures of composite components, the testing led to the formulation of the following
conclusions:
- during the tests, successive layers of the material were separated,
which points to the ablative properties of the materials used for the front composite
layers;
- burning up of the layers of thermal silicone, responsible for the thermal insulation of the
rear wall of the sample, did not significantly affect the results of the examination;
- the use of aerogel as an additional "spacer" composite element with a fibrereinforcement significantly improved thermal resistance. The material was capable of
reducing the temperature even by approximately 91% in relation to the initial
temperature. In variants IV and V, the reduction on the mat reached the value of 75%.
The maximum temperature of the back wall surface of sample T5 equalled 134 °C,
while the minimum one was equal to 66 °C.
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- Changing the position of aerogel in the composite and its placement closer to the
ablation surface resulted in a smaller reduction in the temperature on the rear wall
surface of the sample in the final phase of the examination. The positive aspect of this
treatment
was
a smaller weight loss of the composite, and most importantly in the context of
examining thermo protective properties - better insulation to approximately 100 seconds
of the experiment.
- The location of the aerogel in the composite also accounts for the ablation mass loss Ua.
Along with the change in the placement of the aerogel mat and its moving away from
the ablation surface, the relative ablation loss of mass was decreased (from
approximately 60% in variant I to approximately 15% in variant V).
Therefore, it can definitely be stated that the use of a sandwich layer in the form of an aerogel
mat in composites with a fibre-reinforcement, can considerably increase their thermal
resistance.
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ABSTRACT
Composite materials of nickel aluminide and titanium diboride were fabricated using spark
plasma sintering at 1573K. Composition dependence of the bending strength, Vickers
hardness and the indentation fracture toughness were investigated. The bending strength of
NiAl increased rapidly with the addition of TiB2 up to 20vol% and decreased gradually by the
further addition. This composition dependence of the bending strength was explained on the
basis of the strengthening mechanisms due to grain refining of the matrix phase and stress
transfer from the matrix to the reinforcement particles. The Vickers hardness increased with
the amount of TiB2 and the highest value of 1600Hv was obtained for NiAl-78vol%TiB2. By
the SEM observation, indentation cracks were observed in the composites containing TiB2
more than 56vol%. The fracture toughness of NiAl-56vol%TiB2 was 22MPa･m1/2, which
decreased to 15 MPa･m1/2 of NiAl-78vol%TiB2. It is conjectured that the decrease of the
fracture toughness is related with the decrease of the bending strength.
Keywords: TiB2, NiAl, bending strength, Vickers hardness, fracture toughness.
INTRODUCTION
Titanium diboride (TiB2) has many desirable properties such as high hardness (Hv=3400),
high melting point (3000K), low density (4.50x103kg/m3), high electrical resistivity and good
corrosion resistance. It is a promising candidate for cutting tools, wear proof parts, aircraft
propulsion systems, space vehicle thermal protection and so on. Attempts have been made to
consolidate TiB2 powders into dense solid bodies by reaction sintering and hot pressing.
However, a high sintering temperature above 2000K is required to obtain dense TiB2 bulk
samples (Wang, 2002). Grain growth proceeds by the sintering at such high temperature and
mechanical properties such as bending strength deteriorates, which limits its application.
The intermetallic compound NiAl has a number of favorable properties such as high melting
temperature (1800K), low density (5.86x103kg/m3) and excellent oxidation resistance. It has
been shown that the addition of TiB2 to NiAl up to 30vol% significantly improves the
compressive strength of NiAl (Whittenberger, 1990). In the previous study we have shown
that dense NiAl-TiB2 composites can be obtained for the amount of TiB2 up to 67vol% by the
spark plasma sintering at 1573K (Yoshida, 2014). The Vickers hardness is found to increase
with the amount of TiB2 and the highest value of 1600Hv has been obtained for NiAl67vol%TiB2. The bending strength of TiB2-NiAl composites increases rapidly by the addition
of TiB2 up to 20vol% and decreases gradually by the further addition.
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In the particle reinforced composites, several damage modes such as cracking of the
reinforcements and particle/matrix interface decohesion may develop by loading. These
damage modes affect the mechanical performance of the composite (Maire, 1997). In the
present study we have investigated the composition dependence of the bending strength,
Vickers hardness and the indentation fracture toughness of NiAl-TiB2 composites. The
composition dependence of the bending strength and the fracture toughness of NiAl-TiB2
composite have been analysed based on a numerical model.
EXPERIMENTAL METHOD
The raw materials were commercially available TiB2 powders of 99.9% purity, Al powders of
99.9% purity and Ni powders of 99.9% purity (all powders by Furuuchi Chemical Corp.). The
diameter of TiB2 powder particles was a few microns and those of Al and Ni powders were
around 10 microns. Nickel aluminide containing between 45 at% and 57 at% Ni forms B2
structure based on the body centered cubic lattice (Miracle, 1993). In the present study, the
ratio of Ni in NiAl is fixed to 55 at%.
A graphite die, having an internal diameter of 20mm and a wall thickness of 10mm was filled
with 5x10-3kg of the mixed powders of NiAl-TiB2, sealed by two graphite punches and
mounted on the equipment, LABOX625 fabricated by Sinterland Ltd. The mixed powders
were heated to 1573K with the rate of 50K/min, kept for 10 minutes, and then furnace cooled
to room temperature. Temperature was measured using the infrared radiation thermometer IRAHS0 fabricated by Chino Corp. Sintering was performed in a vacuum with a residual
pressure of 10Pa. A uniaxial pressure of 20MPa was applied during the sintering. SEM
observation was performed using a Hitachi H-4300 instrument. X-ray diffraction patterns
were measured using X-ray diffractometer ULTIMA IV fabricated by Rigaku with Cu-kα
radiation source. Vickers hardness was measured using an Akashi AVK-A hardness tester
with the load of 490N and pressing time of 15 seconds. To perform the bending test,
rectangular shape samples with the size of 2x3x20 mm3 were cut by the electric discharge.
Three points bending tests were performed using a Shimadzu AGS-J test machine with the
crosshead speed of 0.5mm/min and the span of 15mm.
EXPERIMENTAL RESULTS
Figure 1 shows the X-ray diffraction pattern of the polished surface of NiAl, NiAl25vol%TiB2 and NiAl-67vol%TiB2 specimens sintered at 1573K. In the X-ray diffraction
patterns of NiAl, peaks from cubic B2 type structure are observed. In the X-ray diffraction
pattern of NiAl-TiB2 composites, peaks from TiB2 of hexagonal AlB2 type structure indicated
by allows and from NiAl of cubic B2 lattice structures have been observed. These results
reveal that NiAl and TiB2 exist in equilibrium at 1573K.
Figure 2 (a) shows the SEM image of the polished and etched surface of the sintered NiAl
specimen. Etching has been performed by HNO3 to reveal the grain boundaries. In Figure 2
(a) it has been shown that the grain size of NiAl is around 20 µm and, on the grain
boundaries, some pores of several µm are formed as indicated by arrows. Figure 2 (b), (c) and
(d) shows the SEM images of the polished surface of NiAl-25vol%TiB2, NiAl-67volTiB2 and
monolithic TiB2 specimens sintered at 1573K. In Figure 2 (b), it is found that NiAl fills the
space among TiB2 grains showing good wetting property of TiB2 and NiAl. No pore is
observed in NiAl-25vol%TiB2 being different from the case of monolithic NiAl. The size of
TiB2 particle is several µm which is the same as that of the starting powders. In NiAl-32-
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67vol%TiB2 shown in Figure 3 (c) some pores are observed as indicated by arrows. The
thermal expansion coefficients of TiB2 is 9.3x10-6 (K-1）along the c-axis and 6.35x10-6 (K1
) along the a-axis (Okamoto, 2010) which are smaller than that of NiAl, 15.1x10-6 K-1
(Miracle, 1993). These pores may be caused by the thermal mismatch between NiAl and
TiB2. In Figure 2 (d), it is found that TiB2 specimen sintered at 1573K is granular showing
that sintering of TiB2 does not proceed well at 1573K.
In Figure 3 is shown the composition dependence of the bending strength of NiAl-TiB2
composites. The bending strength of NiAl sintered at 1573K is 380MPa, which increases
rapidly as the amount of TiB2 increases up to 20vol% and the highest value of 990MPa is
obtained. The bending strength decreases gradually as the amount of TiB2 increases above
20vol%. The bending strength of monolithic TiB2 sintered at 1573K is as low as 200MPa.
The dependence of the bending strength on the volume fraction of TiB2 will be discussed in
the next section.
In Figure 4 is plotted the Vickers hardness of NiAl-TiB2 composites indented at the load of
490N. The Vickers hardness of monolithic NiAl is 350 Hv, which increases as the amount of
TiB2 Increases. The Hv value of the NiAl-78vol%TiB2 is as high as 1600 Hv. The Hv value
of monolithic TiB2 sintered at 1573K is as low as 750Hv. These results are similar to those
indented at the load of 2N reported in the previous paper (Yoshida, 2014).
Figure 5 shows the SEM images of the Vickers indentation of NiAl-25vol%TiB2 indented at
the load of 490N. Cracking occurs along the edge of the indentation. Figure 6 (a) and (b)
shows the SEM images of the Vickers indentation of NiAl-57vol%TiB2 indented at the load of
490N. In Fig. 6 (a), indentation clacks are observed to emanate from the indentation corners.
Figure 6 (b) is the expanded image of the region encircled in Figure 6 (a). A crack is observed
to propagate in the NiAl matrix and/or along the interface between TiB2 particle and NiAl
matrix and is terminated at the surface of a TiB2 particle, suggesting that a TiB2 particle has an
effect to stop the crack propagation.
Figures 7 and 8 show the Vickers indentation of NiAl-67vol%TiB2 and NiAl-78vol%TiB2,
respectively. In both specimens, cracks are observed to emanate from indentation corners. The
clack length is longer for NiAl-78vol%TiB2 than NiAl-67vol%TiB2 specimens indicating
poorer fracture toughness of the former than the latter.
Various models to deal with the indentation fracture have been proposed which have been
reviewed by Ponton and Rawlings. (Ponton, 1989) The indentation fracture models are
classified into two groups, in one group it is assumed that the cracks which form as a result of
Vickers indentation are well developed radial-median halfpenny-shaped cracks, and in the
other group it is assumed that radial Palmqvist cracks are formed. The empirical criterion for
the halfpenny cracks is the ratio c/a larger than 2 where a is half length of the indentation
diagonal and c the crack length measured from the indentation center. In the present
experiment, all cracks are seemed to be Palmqvist type.
For the Palmqvist type cracks, the following equation is proposed to estimate the fracture
toughness value Kc as,

Kc=0.0329P/al1/2

(1),
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where P is the indentation load, a half length of the indentation diagonal and l the crack
length measured from the indentation corner (Ponton, 1989). The fracture toughness values
obtained using eq. (1) are summarized in Table 1. The Kc value of NiAl-56vol%TiB2 is
22MPa･m1/2, which decreases to 15 MPa･m1/2 of NiAl-78vol%TiB2.

INTENSITY
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Fig. 1 - X-ray diffraction pattern from NiAl, NiAl-25vol%TiB2 and NiAl-67vol%TiB2.
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Fig. 2 - SEM image of (a) NiAl (b) NiAl-25vol%TiB2, (c) NiAl-67vol%TiB2 and (d) TiB2 sintered at 1573K
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Fig. 4 - Dependence on the amount of TiB2 of the Vickers hardness of NiAl-TiB2 composite
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Fig. 5 - SEM image of the Vickers indentation of NiAl-25vol%TiB2 loaded at 490N
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Fig. 6 - SEM images of the Vickers indentation of NiAl-56vol%TiB2 loaded at 490N

Fig. 7 - SEM images of the Vickers indentation of
NiAl-67vol%TiB2 loaded at 490N

Fig. 8 - SEM images of the Vickers indentation of
NiAl-78vol%TiB2 loaded at 490N

Table 1 - Indentation parameters from NiAl-TiB2 composites
Volume fraction of TiB2 (%)
25
56
67
78

a(µm)
189
145
130
122

l(µm)
22
46
75

Hv
650
1100
1370
1560

Kc (MPa･m1/2)
22
18
15

DISCUSSION
The bending strength of NiAl is found to increase by the addition of TiB2 up to 20vol% and
decrease gradually by the further addition. The fracture toughness is found to decrease as the
volume fraction of TiB2 increases above 56vol%. We consider below the dependence on the
volume fraction of the bending strength and the fracture toughness of the NiAl-TiB2
composites.
Reinforcement of particle-reinforced composites has been analyzed using mean field theory
by Mori and Tanaka (Mori, 1973) based on the equivalent inclusion model contrived by
Eshelby (Eshelby, 1957). By the Mori and Tanaka’s theory, mean stress in the matrix, σm, is
expressed by external stress σ0 of the composite as,
σm=σ0g(φ)
(2)
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where function g(φ) is the normalized mean stress dependent on the elastic moduli of matrix
and reinforcement. Normalized mean stress in the matrix, σm/σ0 and in the reinforcement
particles, σr/σ0, calculated by using the Mori and Tanaka scheme is shown in Figure 9 as a
function of the volume fraction of TiB2. We assumed the spherical shape and isotropic elastic
module of reinforcement. The used values of Young’s modulus and Poisson ratio of TiB2 are
580GPa and 0.11 (Schulson, 1983), and those of NiAl are 200GPa and 0.30 (Miracle, 1993),
respectively.
In Figure 9, it is shown that the normalized stress in the matrix, σm/σ0, decreases as the
volume fraction of the reinforcement, φ, increases indicating that more stress is carried by the
reinforcement particle. The stress in the matrix is expected to reduce about 10% when 20vol%
TiB2 is added to NiAl. If a failure of the composite occurs when the stress exceeding the
ultimate tensile strength is applied to the matrix phase, g(φ)-1 gives the improvement of the
strength of the composite relative to the monolithic matrix material. However, this effect is
not sufficient to give about 250% improvement of the bending strength of NiAl-20volTiB2
relative to that of monolithic NiAl shown in Figure3. In order to describe the increment of the
bending strength of NiAl-TiB2 composite, another strengthening mechanism is needed.
Schulson and Barker have reported the Grain size dependence of the fracture strength of NiAl
polycrystalline aggregates (Schulson, 1983). They have found that the tensile strength of NiAl
increases depending on the reciprocal square root of grain size. The increment of the bending
strength of NiAl-TiB2 composites may be caused by the decrease of the grain size of NiAl by
the addition of TiB2. We consider the strengthening effect associated with the reduction of
grain size of the matrix phase.
The average distance between the surfaces of the nearest particles in the composites, <La>,
depends on the size and the amount of particles. <La> has been calculated by Adachi et al as a
function of volume fraction, φ, and particle diameter, Dm, assuming sphere shape and
uniform particle dispersion (Adachi, 2008). In Figure 10 is plotted the calculated result of
(<La>/Dm). The distance <La> at a volume fraction 0.055 was equal to the particle diameter
Dm and the shortest distance at φ=0.74 (maximum volume fraction in the close packed
structure) was 0.134Dm.
The strength of the NiAl-TiB2 composites is expected to be given by the next equation.
σcompcrit = g(φ)-1<La>-1/2σNiAlcrit

(3)

In Figure 11 is plotted (<La>/Dm)-1/2. Equation (3) gives an increasing curve as the volume
fraction increases. As shown in Figure 3, the bending strength of NiAl increases by the
addition of TiB2 up to 20vol% and decreases gradually by the further addition. This increase
of the bending strength may be explained by the strengthening mechanisms by grain
refinement described above. However, it cannot explain the decrease of the bending strength
above 20vol%.
By the SEM observation shown in Figure 2. each TiB2 particle is isolated in the NiAl matrix
in the NiAl-25vol%TiB2 specimen. On the other hand, in the NiAl-67vol% TiB2 specimen,
almost all TiB2 grains are in contact with other TiB2 particles. Bonding strength between TiB2
particles is weak as indicated by the fact that the bending strength of monolithic TiB2 sintered

-37-

Topic-A: Composite and Advanced Materials

at 1573K is as low as 200MPa. The decrease of the bending strength of NiAl-TiB2 composites
as the amount of TiB2 increase above 20vol% is seemed to be caused by the increase of the
fractions of TiB2 surfaces in contact with other TiB2.
The fraction of the area of TiB2 surfaces in contact with other TiB2 can be given as (1-φ).
Thus the strength is given as follows.
σcompcrit =(1-φ) g(φ)-1(<La>/Dm)-1/2σNiAlcrit

(4)

In Figure 11 is plotted (1-φ) g(φ)-1 (<La>/Dm)-1/2, also, as a function of the volume fraction.
This curve has maximum at the volume fraction φ around 35%.
In Fig. 12 is plotted the composition dependence of σcompcrit given by eq. (4) and the
experimental values of the bending strength of NiAl-TiB2 composites where a coefficient is
chosen so that σcompcrit and the experimental value are in accord at φ=0.2. It is seen in Fig. 12
that the bending strength of the composite is well fitted by eq. (4).
Fracture toughness provided by reinforcement by particles can also be evaluated similarly. It
seems that, in NiAl-TiB2 composites, both the fracture toughness and the bending strength
decreases as the amount of TiB2 increases above 56%. Fracture toughness is given as σcompcrit･
ρ1/2 where ρ is the characteristic length representing the crack tip curvature or the plastic zone
size at the crack tip. Fracture toughness is expected to have a similar volume fraction
dependence as the bending strength assuming that the characteristic length ρ does not depend
on φ. The characteristic length ρ estimated by the bending strength and the fracture toughness
values for NiAl-56vol%TiB2 is around 300µm which is nearly the same as the size of the
Vickers indentation. In NiAl no plastic deformation occurs at room temperature (Miracle,
1993). This may imply that deformation is caused by generating micro cracks in the entire
indentation region.

σm/σ0, σr/σ0
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Fig. 9 - Normalized stress in the matrix, σm/σ0 (open circle), and in the
reinforcement particles, σr/σ0 (solid circle), calculated for NiAl-TiB2
composites using the Mori and Tanaka scheme as a function of the
volume fraction of the reinforcement particles.
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Fig. 10 - Calculated result of (<La>/Dm) as a function of the volume fraction of the inclusion
particles φ. <La> is the average distance between the surfaces of the nearest particles in the
composites and Dm represent average particle diameter.
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Fig. 11 - (<La>/Dm)-1/2 (solid circle) and (1-φ) g(φ)-1 (<La>/Dm)-1/2 (open circle) is plotted as a
function of the volume fraction φ.
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Fig,12 - σcompcrit (open circle) and the bending strength of NiAl-TiB2 composites (triangle) are
plotted as a function of the volume fraction of TiB2.

CONCLUSION
Composite materials of nickel aluminide and titanium diboride were fabricated using spark
plasma sintering. The bending strength of NiAl-TiB2 composites increased rapidly with the
volume fraction of TiB2 up to 20vol% and decreased gradually by the further addition. The
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improvement of the bending strength was explained on the basis of the strengthening
mechanisms due to grain refining of the matrix phase and stress transfer from the matrix to
the reinforcement particles. The decrease of the bending strength above 20vol% was
explained by the poor cohesion between TiB2 particles. By the SEM observation, indentation
cracks were observed in the composites containing TiB2 more than 56vol%. The fracture
toughness was found to decreases as the volume fraction of TiB2 increases above 56vol%. It
is conjectured that the decrease of the fracture toughness is related with the decrease of the
bending strength.
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ABSTRACT
This work discusses the tensile performance of unidirectional GFRP composite laminates, and
their epoxy resin matrix, after having undergone accelerated ageing in simulated ocean water.
Exposed specimens were evaluated at various stages of exposure via mechanical testing at a
range of temperatures. This revealed significant differences in mechanical performance
between pristine and variably aged specimens.
Keywords: accelerated ageing, PMC, GFRP, thermoset, degradation.
INTRODUCTION
Glass fibre reinforced polymers (GFRPs) are experiencing an increase in demand due to their
excellent corrosion resistance, specific material strength and flexibility in manufacturing.
Glass fibre is present in more than 90% of all resin/filament GRP manufacturing (K. Nalli,
2012). That being said, the durability of a material is ultimately one of the deciding factors in
its use due to operational costs. Understanding the processes which influence durability is
critical when designing for safety and long operating life (T. Gates, 2008). Long term
exposure of GFRPs to various environments will eventually lead to irreversible changes in
their performance and the effective limitation of their operating life.
Over 200 individual tests were performed. Type I thermoset resin dumbbells, and both 0° and
90° unidirectional composite specimens were prepared following the dimensions provided in
ASTM D638 and D3039. A performance baseline was established after which additional
specimens were exposed to simulated ocean water at 55°C, to be extracted and tested after
firstly, reaching effective equilibrium (saturation), and secondly a total exposure duration of 4
months. The mechanical tests were performed at a cross-head displacement rate of 2
mm/minute and the following temperatures: 25°C, 40°C, 55°C, 68°C and 80°C, on a Zwick
Z250 machine equipped with a temperature controlled chamber. The influence of both
temperature and exposure time are clearly visible in the results.
RESULTS AND CONCLUSIONS
The results from the tensile tests are shown in Figure 1. It is worth noting that fibre
orientation and specimen geometry have a minimal effect on the overall performance
degradation trend. The aged thermoset epoxy specimen strength was found to be 10% higher
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on average than saturated levels. This is most likely due to a residual cross-linking effect that
has continued during the exposure period, due to the elevated temperature employed. Both
types of unidirectional composite laminates follow a similar pattern in terms of strength
degradation.

Fig. 1 - Tensile test results

This study shows the complex effect of both simulated ocean water absorption and
temperature, over time, on the mechanical performance of different GFRP composite
laminates. An average decrease in strength of 45 to 50% was found for the laminates, and
18% for the thermoset resin (the matrix material) in just four months of accelerated ageing.
Data resulting from testing at temperatures over 55°C has not been taken into account in the
aforementioned averages as the materials exhibit viscoelasticity. The results offer a good
baseline in terms of data for longer term accelerated testing.
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ABSTRACT
Because of their superior mechanical and environmental properties compared to traditional
metals, fiber-reinforced composites have gained a widespread acceptance for various
applications. However, laminated composites generally provide anisotropic stiffness
properties depending on their stacking sequences. These anisotropic properties are not desired
for certain applications that are subjected to multi-directional loadings requiring optimal
stiffness properties in all directions. As a result, this paper aims to present a new lay-up
strategy for multi-axial quasi-isotropic laminates to achieve the maximum degree of isotropy.
The starting laminate configuration is a quasi-isotropic laminate in which extensional isotropy
is inherently satisfied. As for the degree of bending isotropy, it can be quantified from a
generalized eigenvalue problem of the bending stiffness tensor. A parametric design study
was conducted on quasi-isotropic sub-laminates made from thin-ply non-crimp fabric (NCF).
Using both mid-plane symmetric and non-symmetric laminate configurations, the maximum
degree of bending isotropy was achieved for non-symmetric laminates. A fully isotropic
laminate (FIL) can then be obtained when both in-plane and bending stiffness tensors are
equivalent to the isotropic stiffness counterpart with null coupling stiffness.
Keywords: composite laminate, non-crimp fabric (NCF), quasi-isotropic, bending isotropy,
fully isotropic laminate (FIL).
INTRODUCTION
The tailoring potential of composite laminates to achieve high specific stiffness and strength
has promoted them as promising candidates for constructing lightweight structures. The
behavior of composite laminates is directly affected by the fiber orientation angles of their
individual plies. As a result, the significant role of the designer is to tailor the stiffness
properties of a composite laminate to encounter an applied load and yield a desirable laminate
performance. However, certain applications are subjected to multi-directional loadings
requiring optimal stiffness properties in all directions. In the case of in-plane multi-directional
loading, quasi-isotropic laminates, which possess equivalent in-plane stiffness properties
independent of any direction, show adequate performance if no coupling terms are present.
These laminates are generally termed “Quasi” because they lack bending isotropy. On the
contrary, when a laminate is also loaded normal to its plane in several directions, a need for
isotropic performance in bending also arises. For example, large diameter mirrors that are
used in reflector telescopes require an isotropic behavior, a low weight, and a negligible
coefficient of thermal expansion (York, 2008). Another example includes that of an antenna
structure which also necessitates equivalent isotropic properties (Fukunaga, 1990). These
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examples, along with several other automotive and aerospace applications that require
lightweight isotropic properties, promote fully isotropic laminates (FILs) as ideal candidates.
FILs are laminates that possess both in-plane and bending isotropic properties with null
coupling stiffnesses.
There has been some research efforts to find FILs. Fukunaga presented a method to find fully
isotropic laminates using lamination parameters, which are intermediate variables directly
related to the stiffness matrices of the laminate. An FIL is characterized with isotropic
stiffness properties where all the lamination parameters are set to zero. The inverse problem is
then solved analytically to find the stacking sequences assuming only 4 different kinds of
fiber orientation angles. FILs with a minimum of 40 layers were obtained (Fukunaga, 1990).
Wu et al. then proposed a mathematical model to obtain FILs with a minimum of 36 plies by
changing the stacking sequence order of quasi-isotropic laminates with mid-plane symmetry
(Wu, 1992). Paradies also used lamination parameters to obtain laminates that are isotropic in
bending only with a minimum of 16 plies of the same material. The concept of using a hybrid
material laminate was also interestingly introduced to find a laminate satisfying bending
isotropy with only 12 plies (Paradies, 1996). In addition, Grédiac formulated the design
problem using lamination parameters and numerically obtained stacking sequences that are
approximately isotropic with at least 12 plies using design optimization. The laminates were
obtained by utilizing the steepest-descent method and a multiple point start algorithm
(Grédiac, 1998). Vannucci and Verchery then obtained FILs by utilizing the polar method
and demonstrated that FILs with the lowest number of 18 plies are obtained if the mid-plane
symmetric constraint is relaxed for (0°, +60°, -60°) layers. Five solutions were found for
laminates with 18 plies and 219 solutions were obtained for laminates with 27 plies
(Vannucci, 2002). Furthermore, York demonstrated that the majority of FILs are obtained
using non-symmetric laminate configurations (York, 2008). Lee et al. also illustrated the use
of mathematical modeling to obtain FILs with up to 27 plies made of (0°, +60°, -60°) layers.
Results agreed with Vannucci’s findings except for laminates with 27 plies, where 340
solutions instead of 219 were claimed to be obtained (Lee, 2010).
FILs are desired from a design point of view because they eliminate the concern for
weaknesses and counteract the “weak directions” of a laminate that are obtained due to
unconsidered secondary loadings. FIL configurations ease the design problem for certain
applications that require isotropic properties, where the designer benefits from the desirable
mechanical and enviromental properties of composite materials as well as the isotropic
behavior of conventional materials. As a result, a designer would be interested in obtaining an
FIL with the smallest number of plies possible to produce efficient lightweight structures.
In the present study, a new lay-up strategy is proposed to attain laminates with the maximum
degree of isotropy starting from an initial special quasi-isotropic material form made of
[30/90/-30] and [-30/90/30] thin-ply non-crimp fabric (QI-NCF) that were supplied by
CHOMARAT North America. Thin-ply NCF introduce attractive properties for lighweight
applications, where they are constructed from a pre-assembly of multiple plies with different
fiber orientation angles that result in a well-dispersed sub-laminate. Several desirable
properties are obtained by using thin-ply NCF and are summarized in a recent study (Papila,
2016).
Starting from an initial “quasi-isotropic” construction, QI-NCFs are used to demonstrate a
methodology to assess the degree of bending isotropy by formulating a generalized
eigenvalue problem of the bending stiffness tensor. The classical lamination theory (CLT)
provides a well-established methodology for evaluating elastic propoerties of a laminate with
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a known laminate configuration. No general rules are known today for designing fully
isotropic laminates using a direct CLT framework. Most of the work done uses intermediate
variables such as lamination parameters and polar invariants, which also possess beneficial
properties to obtain design solutions for laminate classes other than FILs (Vannucci,2002).
To demonstrate this new methodology, the generalized eigenvalue formulation of the degree
of bending isotropy is introduced in the next section. The lay-up strategy for QI-NCF is then
proposed, where successive QI-NCFs are rotated with respect to one reference QI-NCF to
obtain the highest degree of bending isotropy. A parametric design study is carried on midplane symmetric and non-symmetric laminate configurations. An FIL is obtained when both,
the in-plane and bending stiffness tensors are equivalent to the isotropic stiffness counterpart
with null bending-extension coupling terms. The results of the parametric design study are
then presented and discussed, followed by concluding remarks.
DEGREE OF BENDING ISOTROPY FORMULATION
The basis of laminate stiffness is formulated by using the classical lamination theory (CLT)
satisfying the classical Kirchoff-Love assumptions for the laminate, with a through-thethickness line perpendicular to the mid-plane that remains inextensible, straight, and
perpendicular to the mid-plane after deformation. The laminate stiffness is represented by the
extensional matrix [A], the bending matrix [D], and the bending-extension coupling matrix
[B], which can be defined as:
 = ∑ (
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where  ’s are the laminate stiffness components in the laminate coordinate system of the kth
layer and are given by:
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where  is the fiber orientation angle of the kth layer and  are the material invariants
(Gürdal, 1999).
The [A], [B], and [D] matrices characterize the macro-mechanical behavior of composite
laminates. As a result, the key role of the designer is to optimize the stacking sequence of the
laminate to tailor the stiffness properties to meet the applied loads and obtain the optimal
laminate performance. In most applications, designers have reached a tendency to use midplane symmetric laminates to avoid bending-extension coupling [B]=0 between in-plane
forces and out-of-plane deformations and vice versa. By using this constraint, the designer
omits the generality of the design problem and obtains only solutions restricted to the set of
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mid-plane symmetric laminates. Although this shortcut eases the design process to obtain null
bending-extension coupling, it can lead to solutions that are optimal only in the class of
considered mid-plane symmetric laminates and not globally. For example, laminates
composed of an odd number of layers are automatically excluded, which are also qualified as
candidates for being optimal solutions (Vannucci, 2006).
For a given laminate configuration, changing the stacking sequence order does not alter the
[A] matrix, but it modifies the [D] matrix. Quasi-isotropic laminates, which have equally
weighted layer composition, possess an [A] matrix that will always independent of the
stacking sequence order and equivalent to the isotropic material counterpart. The [D] matrix,
however, will not be isotropic because of the strong dependency on the composition and
ordering of the stacking sequence of the laminate. To assess the degree of isotropy of the [D]
matrix, an equivalent Voigt isotropic [] matrix, which is a representation of the average
stiffness of the D matrix, can be defined as:
=
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which can be explicitly defined using matrix form as:
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are defined explicitly as:
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To find the optimal stacking sequence that would maximize the degree of bending isotropy,
the eigenvalues of [D] with respect to [] are calculated. A generalized eigenvalue problem
of the bending stiffness matrix can be defined as:
( − ,)- = (,

(6)

where the eigenvalues , provide a measure for the relative bending stiffness between the [D]
matrix and the isotropic counterpart [] (Peeters, 2017). The minimum eigenvalue ,."
quantifies the degree of bending isotropy as the distance in stiffness space between the [D]
matrix of the laminate and the corresponding isotropic []. When the minimum eigenvalue
,." =1, the laminate satisfies the conditions for bending isotropy.
LAY-UP STRATEGY
Two NCF thin-ply sub-laminates were used to conduct this parametric design study, namely
QI+ [30/90/-30] and QI- [-30/90/30]. An NCF may not simply provide its own mirror image
alone by simple lamination practices, such as flipping over or rotating by a certain angle
(Papila, 2016). As a result, the sole reason for using two sub-laminates QI+ and QI- is having
ability to achieve mid-plane symmetric laminates using NCF.
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The lay-up strategy consists of studying the effect of orienting QI-NCFs with respect to a
reference QI-NCF to achieve the maximum degree of bending isotropy. Starting from an
initial quasi-isotropic construction, extensional isotropy is inherently satisfied. The degree of
bending isotropy is then analyzed by solving the generalized eigenvalue problem for ,." .
The goal is to find a laminate that is isotropic in extension and bending or a nearly isotropic
one with the minimum number of plies required using thin-ply NCF. If the extension-bending
coupling of the obtained laminate is null, then it qualifies to become a fully isotropic
laminate. Starting from 2 QI-NCF stacks, the number of stacks is increased incrementally for
both symmetric and non-symmetric laminate configurations to analyze the degree of bending
isotropy. The lay-up strategy for analyzing the bending isotropy of [QI+ / QI- + /] starting
from an initial symmetric laminate for /=0 and increasing the angle / can be visualized in
Figure 1.

Fig. 1 - Lay-up Strategy for 2 QI-NCFs

To find the optimal laminate stacking sequence that would achieve an isotropic behavior in
bending, the objective of this design problem would be the maximization of the minimal
eigenvalue ,." obtained using Eq. (6). Since the set of plies is determined a priori, either a
genetic algorithm or a brute-force enumeration approach are qualified as efficient candidates
for an optimization strategy. Due to the computationally inexpensive calculation of this
parametric study, enumeration, where all possibilities are calculated, was chosen to be used.
The minimum eigenvalue ,." is evaluated for all the cases of 0 1 / 1 360 with a unit step
increment. As more QI-NCFs are stacked, the effect of rotating each sub-laminate on the
degree of bending isotropy is studied by adding a variable /4 for each additional sublaminate.
As the number of QI-NCFs stacked increases, so does the degree of bending isotropy. As a
reference, the minimal eigenvalue ,." = 0.266 that corresponds to 1 QI+ or QI- sub-laminate
is used. The degree of bending isotropy for 1 QI+ or QI- sub-laminate is demonstrated in a
polar plot in Figure 2 as a function of /, where 0 1 / 1 360.
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Fig. 2 - Polar Plot of Degree of Bending Isotropy for 1 QI-NCF as a function of ϕ

The inner circle corresponds to the value ,." = 0.266 and the outer circle denotes the value
of 1 of a laminate satisfying bending isotropy. Orienting a whole laminate by a certain angle
does not alter the degree of bending isotropy because it is analogous to changing the reference
plane. For the parametric design study, we start by increasing the number of QI-NCFs used to
achieve the maximum ,." for symmetric and non-symmetric quasi-isotropic laminates.
RESULTS OF PARAMETRIC DESIGN STUDY
All the considered laminates are quasi-isotropic and satisfy conditions for extensional
isotropy. This parametric design study aims to determine the optimal angles /4 in which each
QI-NCF is rotated with respect to the reference QI+ sub-laminate to achieve the highest
degree of bending isotropy.
The remaining key point left to address full isotropy is the null condition of the extensionbending coupling [B] matrix. For mid-plane symmetric laminates, the [B] matrix is zero. As
for non-symmetric laminate configurations, the analysis of the degree of isotropy of
extension-bending coupling would be the purpose of a future study. However, it will be
demonstrated in the present study that non-symmetric configurations can provide a fully
isotropic solution with a fewer number of plies than mid-plane symmetric laminates. The
results of the parametric design study are presented below for both mid-plane symmetric and
non-symmetric laminate configurations.
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MID-PLANE SYMMETRIC QUASI-ISOTROPIC LAMINATES
The purpose in this section is to investigate the bending isotropy of mid-plane symmetric
laminate configurations. As a result, the parametric design study should be carried on
laminates that maintain the mid-plane symmetry constraint. However, for the first case of
having 2 QI-NCF mid-plane symmetric laminate [QI+ / QI- + /], rotating one QI-NCF
violates this condition, but it is presented in the following to demonstrate that non-symmetric
laminate show a much higher degree of bending isotropy.
2 QI-NCF Mid-Plane Symmetric Laminate:
The results in Table 1 show that the maximum bending isotropy can be achieved by losing mid-plane
symmetry. The minimum degree of bending isotropy is obtained when the laminate is mid-plane
symmetric. The maximum degree of bending isotropy is achieved when /= 60°.
Table 1 - Analysis of Degree of Bending Isotropy of [QI+ / QI- + 5]

Initial Stacking
Sequence

[QI+ / QI-] OR [30/90/-30/-30/90/30]
Stacking Sequence

+

-

Maximum Degree of
Bending Isotropy

[QI / QI +60°] OR [30/90/-30/30/-30/90]

Minimum Degree of
Bending Isotropy

[QI+ / QI-] OR [30/90/-30/-30/90/30]

(Non-Symmetric)

,."
0.54165
0.26656

A polar plot in Figure 3 shows the minimal eigenvalue ,." for every angle of rotation /.

Fig. 3 - Polar Plot of Degree of Bending Isotropy for [QI+ / QI- + 5]

4 QI-NCF Mid-Plane Symmetric Laminate:
Considering 4 QI-NCF mid-plane symmetric laminate [QI+/QI+/QI-/QI-], we can study either
the effect of rotating the inner QI sub-laminates, the outer QI sub-laminates, or both.
However, these cases would lead to the same results after rotating the reference frame. Thus,
only the rotation of the inner QI sub-laminates is illustrated for [QI+/ QI+ + // QI- + // QI-].
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Table 2 - Analysis of Degree of Bending Isotropy of [QI+/ QI+ + 5/ QI- + 5/ QI-]

Initial Stacking
Sequence

[QI+/ QI+/ QI-/ QI-]

Stacking Sequence

,."

Maximum Degree of
Bending Isotropy

[QI+ / QI+ - 60°/ QI- - 60° / QI-]

0.81658

Minimum Degree of
Bending Isotropy

[QI+ / QI+ / QI- / QI-]

0.61038

Since we are designing only one rotation angle /, a polar plot shown in Figure 4 can
demonstrate how the degree of bending isotropy changes as a function of angle of rotation.
The results show that the using mid-plane symmetry without rotation of inner sub-laminates
has the lowest degree of isotropy of only 61%. The maximum degree of bending isotropy (or
full isotropy) is about 81.6% which is achieved for /= -60°.

Fig. 4 - Polar Plot of Degree of Bending Isotropy for [QI+/ QI+ + 5/ QI- + 5/ QI-]

6 QI-NCF Mid-Plane Symmetric Laminate:
Table 3: Analysis of Degree of Bending Isotropy of [QI+/ QI+ + 5 / QI+ + 5 / QI- + 5 / QI- + 5 / QI-]

Initial Stacking
Sequence

[QI+ / QI+ / QI+ / QI- / QI- / QI-]

Stacking Sequence

,."

Maximum Degree of
Bending Isotropy

[QI+ / QI+ -60°/ QI++60° / QI-+60° / QI- -60° / QI-]

0.93787

Minimum Degree of
Bending Isotropy

[QI+ / QI+ / QI+ / QI- / QI- / QI-]

0.73516

The results show the same trend, where the maximum degree of bending isotropy is achieved
for /6 = -60° and /7 = 60°. The maximum degree of isotropy achieved is around 93.8%
isotropic. However, this is obtained when the inner sub-laminates are rotated at the optimum
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angles /6 and /7 . Using regular mid-plane symmetry achieves only 73.5% of the isotropic
behavior.
8 QI-NCF Mid-Plane Symmetric Laminate:
[QI+/ QI++5 / QI++5 / QI++5 / QI-+5 / QI- + 5 / QI-+5 / QI-]

Table 4 - Analysis of Degree of Bending Isotropy of

Initial Stacking
Sequence

[QI+ / QI+ / QI+ / QI+ / QI- / QI- / QI- / QI-]
Stacking Sequence

,."

Maximum Degree of
Bending Isotropy

[QI+ / QI+ -60°/ QI+ +60° / QI+ +90° / QI- +90° / QI- +60° / QI- -60° /
QI-]

0.96722

Minimum Degree of
Bending Isotropy

[QI+ / QI+ / QI+ / QI+ / QI- / QI- / QI- / QI-]

0.79946

Even with 8 QI-NCF, no laminate satisfying bending isotropy (or full isotropy) has been
found for mid-plane symmetric configuration. However, the maximum degree of isotropy
achieved is around 96.7% with /6 = -60°, /7 = 60°, and /8 = 90°. The minimum degree of
isotropy is only 79.9% which is obtained with regular mid-plane symmetry.
NON-SYMMETRIC QUASI-ISOTROPIC LAMINATES
The same design study is now carried out on non-symmetric quasi-isotropic laminates to
confirm that they have an improved degree of bending isotropy. The results are shown below
for non-symmetric quasi-isotropic laminates having 2 to 6 QI-NCFs.
2 QI-NCF Non-Symmetric Laminate:
Polar plot of the degree of isotropy is shown in Figure 5 to visualize the minimal eigenvalue
,." as a function of angle of rotation /. The results show the non-uniform distribution of
,." for non-symmetric laminate configurations. It will be shown that as the number of QINCF increases, the polar plot of ,." tends to a more uniform distribution.

Fig. 5 - Polar Plot of Degree of Bending Isotropy for [QI+/ QI+ + 5]
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The results tabulated in Table 5 show that the maximum bending isotropy is around 81.6% for
2 QI-NCF which can be achieved by using the same initial non-symmetric configuration
[QI+/ QI+]. This is because the laminate is anti-symmetric having D16 = D26 = 0. The analysis
shows that achieving bending isotropy using the generalized eigenvalue formulation enjoins
the designer to avoid bending-twisting coupling since this behavior is not present in the
isotropic material counterpart. However, the worst degree of isotropy also shows that
improper design of the laminate can end up in a 26.6% bending isotropy.
Table 5 - Analysis of Degree of Bending Isotropy of [QI+/ QI+ + 5]
Initial Stacking
Sequence

[QI+ / QI+]

Stacking Sequence

,."

Maximum Degree of
Bending Isotropy

[QI+ / QI+]

0.81666

Minimum Degree of
Bending Isotropy

[QI+ / QI+ -60°]

0.26657

3 QI-NCF Non-Symmetric Laminate:

As the number of QI-NCF increases, each QI-NCF has a design variable /4 to study the
effect of rotating the sub-laminate to increase the degree of bending isotropy. Maximum and
minimum degree of isotropy and corresponding orientation angles are shown in Table 6.
Table 6 - Analysis of Degree of Bending Isotropy of [QI+/ QI+ + 5 / QI+ + 5 ]
Initial Stacking
Sequence

[QI+ / QI+ / QI+]

Stacking Sequence

,."

Maximum Degree of
Bending Isotropy

[QI+ / QI+ +60°/ QI+]

0.95926

Minimum Degree of
Bending Isotropy

[QI+ / QI+ +60°/ QI+ -60°]

0.51110

The maximum degree of bending isotropy achieved is around 95.9% for /6 = 60° and /7 = 60°. Thus, a laminate with an odd number of plies having 3 QI-NCFs can also be qualified
for having approximate optimal bending properties with a fewer number of plies than midplane symmetric configurations. As stated earlier, increasing the number of plies increases the
uniformity of the distribution of ,." as shown in Figure 6 and Figure 7. The polar plots are
obtained after fixing each of /6 and /7 to be the optimal rotation angle and analyzing the
degree of bending isotropy as a function of the other angle.
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Fig. 6 - Polar Plot of Degree of Bending Isotropy for [QI+/ QI+ + 5 / QI+] for 5 = 0°

Figure 7 - Polar Plot of Degree of Bending Isotropy for [QI+/ QI+ + 60°/ QI++ 5 ] for 5 = 60°

4 QI-NCF Non-Symmetric Laminate:
Table 7 - Analysis of Degree of Bending Isotropy of [QI+/ QI+ + 5 / QI+ + 5 / QI+ + 5 ]

Initial Stacking
Sequence

[QI+ / QI+ / QI+ / QI+]
Stacking Sequence

,."

Maximum Degree of
Bending Isotropy

[QI+ / QI+ +33°/ QI+ -23° / QI+ +10°]

0.99874

Minimum Degree of
Bending Isotropy

[QI+ / QI+ / QI+ -60°/ QI+ -60°]

0.61041
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Having 4 QI-NCF sub-laminates, the designer can approximately achieve an isotropic
laminate in bending with a degree of isotropy of 99.87%. This is obtained when /6 = 33°, /7 =
-23°, and /8 = 10°. Comparing this to the optimal mid-plane symmetric laminate which has
81.65% bending isotropy, an increase of 22% is obtained in the degree of bending isotropy.
5 QI-NCF Non-Symmetric Laminate:
Table 8 - Analysis of Degree of Bending Isotropy of [QI+/ QI+ + 5 / QI+ + 5 / QI+ + 5 / QI+ + 5 ]
Initial Stacking
Sequence

[QI+ / QI+ / QI+ / QI+ / QI+]
Stacking Sequence

,."

Maximum Degree of
Bending Isotropy

[QI+ / QI+ -60°/ QI+ +60° / QI+ -60° / QI+]

0.99702

Minimum Degree of
Bending Isotropy

[QI+ / QI+ / QI+ +60° / QI+ -60° / QI+ -60°]

0.68906

The results also show that an approximate isotropic laminate in bending can be achieved for 5
QI-NCF sub-laminates. The maximum degree of bending isotropy is 99.7%, which is
obtained when /6 = -60°, /7 = 60°, /8 = -60°, and /9 = 0°. Interestingly, this laminate has one
additional QI-NCF stack, but it has a slightly lower degree of bending isotropy compared to
the laminate with 4 QI-NCF.
6 QI-NCF Non-Symmetric Laminate:
Table 9 - Analysis of Degree of Bending Isotropy of [QI+/ QI+ + 5 / QI+ + 5 / QI+ + 5 / QI+ + 5 / QI+ + 5! ]
Initial Stacking
Sequence

[QI+ / QI+ / QI+ / QI+ / QI+ / QI+]
Stacking Sequence

,."

Maximum Degree of
Bending Isotropy

[QI+ / QI+ -60°/ QI+ +60° / QI+ +60° / QI+ -60°/ QI+]

1.0

Minimum Degree of
Bending Isotropy

[QI+ / QI+ / QI+ / QI+ -60°/ QI+ -60°/ QI+ -60°]

0.73518

For a laminate with 6 QI-NCF, the most interesting result is obtained. Not only the laminate
shows a completely isotropic [D] matrix, but also the [B] matrix obtained is null. Thus, full
isotropy is obtained for /6 = -60°, /7 = 60°, /8 = 60°, /9 = -60°, and /: = 0°. This result agrees
with the fully isotropic laminate obtained by Vannucci for an 18-plied laminate (Vannucci,
2002). However, only one solution is obtained here since NCF have a predetermined stack of
plies that cannot be interchanged. This demonstrates that non-symmetric laminates provide a
much higher degree of bending isotropy than mid-plane symmetric configurations and may
result in a fully isotropic laminate with a fewer number of plies.
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CONCLUSIONS
This paper proposes a new lay-up strategy for thin-ply NCF, and it demonstrates a new
methodology to assess the degree of bending isotropy. Starting from initial quasi-isotropic
constructions in which extensional isotropy is inherently satified, the degree of bending
isotropy is formulated as a generalized eigenvalue problem of the bending stiffness tensor,
and variety of thin-ply NCF laminates are designed and analyzed. The results show that nonsymmetric laminates have a much higher degree of bending isotropy than mid-plane
symmetric laminates. The remaining key aspect to assess the degree of full isotropy of nonsymmetric laminate configurations is the degree of extension-bending coupling, which is the
purpose of future work.
For future work, the obtained laminates have been manufactured using VARTM and test
coupons have been designed for three-point flexural testing to experimentally verify the
results that were analyzed. Unfortunately, the results have not been finalized and would also
be the purpose of future work. It is vital to understand this physical measure of bending
isotropy. How is this measure affected by the presence extension-bending coupling in terms
of the behavior of non-symmetric laminates? How do these stiffness properties relate to the
response of the laminate in strength failure? Several interesting questions are left unanswered
concerning the behavior of fully isotropic laminates.
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ABSTRACT
The present work investigates the ablative and thermal properties of an epoxy resin which was
modified with titanium dioxide nanoparticles having different size. Prepared samples were
submitted to temperatures above 1900ºC and tested for their. The effect of epoxy composite
components on thermo-protective and ablative properties: the maximum back side temperature
and the average weight loss under intensive heat flow conditions, as well as temperature
distribution on the ablation surface of the sample using a thermographic camera and a
pyrometer have been established. A statistical analysis of the test results was made. It was
confirmed that epoxy resin crosslinked with PAC hardener and modified with
TiO2 (21 nm) i TiO2 (100 nm + 1%Mn) showed improved thermo-protective properties in comparison
with unmodified epoxy matrix.
Keywords: epoxy Nanocomposites, ablative properties, thermal resistance.
INTRODUCTION
The scope of experimental work is aimed at acquiring knowledge about basic phenomena
occurring in ablation processes of epoxy nanocomposites, in the aspect of thermo protective
properties of these composites as materials used under fire hazard or short-term intense
thermal flux interaction conditions.
Ablation is a self-regulating process of heat and mass exchange leading to occurrence of
physical changes and chemical reactions, irreversible structural and chemical changes of the
material with the simultaneous heat absorption. This process is initiated and sustained from
external sources of thermal energy. The thermal decomposition in the initial phase of the
ablation process and the pyrolysis reactions at a higher temperature leads to the formation of a
porous carbon layer with a very low thermal conductivity coefficient (so-called ablative layer)
up to ⅔ of the initial matrix weight (Lin, 2005; Feng-Er, 2004; Dimitrienko, 1997).
The term ablation refers to the exchange of heat and mass in the body's upper layer in
thermochemical and mechanical processes. There are many technical applications for ablative
material. Polymeric ablation materials are increasingly used in the field of thermal protection
systems. They can be used in the design of passive refractories for load-bearing structures of
large-size buildings (NIST NCSTAR 1, 2005; Wilkinson, 2002), communication tunnels (Haack,
2004; Ono, 2006) and for protection of data stored on electronic, optical, magnetic, etc.
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Modeling ablative thermo-protective properties consists in the selection of materials with high
specific heat cp(t) and high density ρ, high thermal capacity and with low thermal conductivity
coefficient λ(t) (ie small thermal diffusivity α(t)) (Kucharczyk, 2007; Song, 2003). In polymeric
composites, when the ablation temperature Ta is exceeded, there are endothermic reactions related
to the thermal decomposition of the matrix material, which results in effective specific heat cp
with high values. In their pure form, polymers ar good ablative materials (Bahramian, 2009;
Bakar, 2016) with a very low heat conduction coefficient λ. However, due to their softening, low
density and low thermal stability as well as the porosity and brittleness of the ablative layer
formed in the ablation process, they need to be modified with mineral fillers (Bahramian, 2009;
Lombardi, 2012) or reinforcing fibers wzmacniającymi (Jackowski, 1986; Bahramian, 2013;
Kucharczyk, 2012; Patton, 2002) increasing their thermal stability, resistance to heat flow, and
consequently the thermal insulation of the composite.
Epoxy composites and specific shells will protect machines, devices, components of building
structures and people during incidental thermal loads much higher than expected, when the
temperature increase, e.g. of carbon steel above 800°C, can cause a 6 - 8 fold decrease in its
tensile strength and almost twice reducing its stiffness. Classical refractory materials do not
protect against the temperature increase on the back surfaces of the protective layers as
effectively as polymeric ablation materials, whose high thermal resistance of rkp (m2⋅K/W),
allows to reduce the temperature in the range from several dozen degrees to 2000°C, with the
use of insulating walls of small thickness (Kucharczyk, 2018).
Ablative screens can also protect stored data of electronic, optical, magnetic carriers, etc.
Classic materials and fire-fighting systems do not provide this possibility, because in
emergency situations even rapid fire suppression does not reduce the heat transfer through the
protective wall to the extent that it does not exceed the allowed operating temperature of the
data carrier (Kucharczyk, 2010).
Recently, attempts have been made to obtain hybrid composites, among others based on
epoxy resins, that contain more than one modifier. An important advantage of hybrid
materials is a unique combination of mechanisms for properties improvement which may lead
to synergistic effect unrealizable at all with traditional composites with one modifier (Bakar,
2014; Szymańska, 2017).
Due to the ease of processing and fairly good physical properties, there is an increasing
interest in using not only thermoplastics but also thermosetting plastics as matrix for
composite materials (Kucharczyk, 2013; Bakar, 2010, Szymańska, 2017).
Considering the subject of investigating such materials is particularly important for the
researchers and industrialists, because in connection with the existing terrorist threat, this
subject is becoming more and more important, which was included in the NATO-DAT
(Defense Against Terrorism) program. Based on the analysis of the effects of terrorist attacks
in Oklahoma City, on the World Trade Center (NIST NCSTAR 1, 2005; Wilkinson, 2002), the
behavior of this type of materials is tested and analyzed using computer programs (Willam,
2004). These materials are beginning to be used to protect a few but important public utilities.
Despite many years of use of ablative materials, there are still unexplored qualitative and
quantitative relationships between the indicated type-phase composition and thermoprotecting properties of composites.
Conducting research will enable the development of assumptions for the constitution of
polymer ablation composites to protect people, machines, devices and load-bearing
construction structures against short-term exposure to high temperature flux, as well as to
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describe the quantitative and qualitative impact of epoxy modifiers on the ablation process
and their selected strength properties.
The results of the work can be application-oriented, form the basis for the design of thermal
shields, especially for the protection of civil structures, and can be a preliminary stage for
designing structures and developing technologies for modern aviation components with such
systems.
The aim of the present study was to determine the effect of nanoparticles on the ablative
properties, i.e the maximum temperature of the rear surface area Ts_max and ablative weight
loss Ua of epoxy composites containing two TiO2 nanoparticles with different particles size
(21 nm and 100 nm). Prepared epoxy nanocomposites had to be used as thermal protective
surfaces in machines and equipments.
EVALUATION OF ABLATIVE PROPERTIES
On the basis of the developed research plan, the research works was carried out as follows:
1. Material samples were made for classical, thermo-protective ablative tests.
2. A classic ablation study was carried out using the effects of high temperature heat flux.
3. The effect of components on erosive and ablative material wear as well as the
temperature of the back surface of the sample wall of the tested composites in classical
ablation tests was assessed.
4. A statistical analysis of the test results was made.
5. Probable reasons for the interaction between the epoxy composites components and the
possibilities of thermo-protective protection of the structures were discussed and
established.
The aim of the present study was to determine the effect of phase composition on the ablative
properties, i.e the maximum temperature of the rear surface area Ts_max and ablative weight
loss Ua of epoxy composites containing two nano-modifiers (TiO2 (21 nm) and TiO2 (100 nm + 1%Mn)).
The prepared epoxy based composites had to be used as thermal protective surfaces in
machines and equipments, from their phase components after 120 s of exposure to the hightemperature flammable gases.
The so-called “ablative gun” (Song, 2003) of our own design (Kucharczyk, 2007) was used or
the classical ablation tests of thermo protective properties, allowing the effect of high
temperature, stabilized, homogeneous flammable gas stream on the sample. The temperature
distribution was recorded on the ablation surfaces and the back surfaces of the sample walls
by using the available pyrometers, thermovision camera and thermocouples. Ablation weight
loss were determined.
The research on ablation properties of thermo protecting epoxy hybrid nanocomposites, was
carried out on the basis of the developed statistical program of the first-order experimental
test of type 23 with repetitions (Montgomery, 2009; Leszek, 1997).
MATERIALS USED AS COMPONENTS OF EPOXY-NANOCOMPOSITES
Considering the differences of some specific physicochemical, technological and utility
properties, susceptibility to processing, production costs or availability of components, and
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results of literature analysis, epoxy nanocomposites modified with titanium dioxide
nanoparticles were selected for the study.
A liquid epoxy resin Epidian 52 produced by Sarzyna Chemical Company (Nowa Sarzyna,
Poland) was chosen as a matrix for nanocomposites. It is a mixture of a low-molecular
diglycidyl ether of Bisphenol A and an active diluent which reacts with the hardener during
the epoxy resin curing process. A polyaminoamide hardener with the trade name PAC
produced by ZCh Ciech-Sarzyna in Nowa Sarzyna (Table 1) was used as crosslinking agent.
Table 1 - Epoxy resin and curing agent characteristics (Ciech-Sarzyna Co, 2014)
Resin - Epidian 52

Curing agent - PAC

Mixture of diglycidyl ether of Bisphenol A
having an average molecular weight of 700 g/mol
and butyl glycidyl ether:

Polyaminoamide:

• melting temperature (cured): 150°C;
• density (20°C): 1.12 g/cm3;
• viscosity (25°C): 400 - 800 mPa·s.

•
•
•
•
•

pH = 12,3;
it doesn’t undergo boiling (temp. > 250°C)
coagulation temperature: 3 - 4°C;
density (20°C): 1.10 - 1.20 g/cm3;
viscosity (25°C): 10 000 - 25 000 mPa·s;

• ignition temperature: 64°C.

• ignition temperature: ~170°C.

The hardener (PAC) is mainly used for the modification and curing of low molecular weight
epoxy resin. It is a low-reactive, viscous liquid that can be used in a wide range of weight
ratios. The lifetime of the epoxy composition with PAC hardener is several hours, and
complete curing takes place within 4 - 7 days.
Two types of Sigma-Aldrich titanium nanodioxide were selected to modify the epoxy matrix
(Sigma-Aldrich Co, 2014):
•
•
•
•
•

molecular weight: 79.87 g / mol;
density at 25ºC: 4.26 g / cm³;
pH = 5 - 8.5;
melting point: 1250°C;
particle size: TiO2 (21 nm) 21 nm and TiO2
additive).

(100 nm + 1% Mn)

100 nm (containing 1% Mn

Titanium oxide occurs naturally in many types of rocks and minerals in three crystalline
forms, as rutile, anatase or brookite (Figure 1). It is the ninth most common element in the
Earth's crust. Additionally, it absorbs UV rays in the range of 290 - 400 nm and is usually
considered as chemically inert (Anselme, 2013; Bowers, 2012).

Fig. 1 - Titanium oxide crystalline forms: a) rutile, b) anatase, c) brookite (Anselme, 2013; Bowers, 2012)
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The titanium oxide in the nano form with particles has a size less than 100 nm has been
selected in the present study. The particles are strongly bound or connected with each other by
means of chemical bonds, forming aggregates, i.e. particles of micro scale size (Anselme,
2013).
Titanium dioxide is characterized by: high refractive index in the range of 2.616 - 2.903
(higher than for diamond); low optical absorption in the visible range; good chemical
stability; high chemical resistance; high hardness of about 6 on the Mohs scale; high
permeability (120 for rutile); high resistance (Sigma-Aldrich Co, 2014).
Titanium dioxide has been used for several decades in many industries, including in the
production of fibers, printing inks, adhesives, varnishes, rubber composites, LCD screens,
self-cleaning glass and ceramics, antibacterial materials, resistant to UV rays and conductive,
food packaging, air and sewage treatment processes, and also in the metallurgical and
aerospace industries and cosmonautic (Rao, 2012; Fujishima, 2006; Hu, 2003; Li, 2003).
Titanium dioxide in the nano form is characterized by significantly better properties and a
wider range of use compared to standard titanium oxide.
Al-Ajaj et al. (Al-Ajaj, 2013) as well as Rajabi (Rajabi, 2013) conducted research on the
influence of micro and titanium dioxide on the properties of epoxy resin. Both research
groups have shown that the use of titanium nanodioxide increases the flexural strength,
Young's modulus and resistance to cracking, as well as an increase in glass transition
temperature. This is caused by a reduction in the distance between the nanofiller and the
polymer chain, the polarity of the particles, the strength of the van der Waals bonds in the
matrix and the length of the polymer chains, as confirmed by Merad (Merad, 2011), Hsieh
and others (Hsieh, 2010).
Chen (Chen, 2007) and Chatterjee (Chatterjee, 2008) and their research groups showed that as
the content of the nanofiller in the EP / TiO2 composite increases, the stiffness of the sample
increases. This is mainly attributed to increased limitations of the polymer chains movement
due to the presence of solid particles.
In addition, Chatterjee et al. showed significantly improved thermal, mechanical and
viscoelastic properties of the epoxy resin with the addition of titanium dioxide nanoparticles.
Chang et al. (Chang, 2005) investigated the effect of the addition of titanium dioxide on the
tribological properties of epoxy resin. They showed that the small addition of the nanofiller
visibly reduces the coefficient of friction.
Wetzel et al. (Wetzel, 2006) modified epoxy resin by using titanium dioxide and aluminum
oxide nanoparticles, focusing mainly on the strengthening, cracking mechanism and
improvement of thermal resistance of the composite. The controlled dispersion process was
obtained by using high energy to reduce the size of agglomerates and to obtain a
homogeneous distribution of individual nanoparticles in the resin.
EXPERIMENTAL RESEARCH PLAN
The number of sample phase compositions, equal to the number of scheduled experiments
(N = 8), was determined on the basis of the experiment plan described by an orthogonal 1st
order full-factorial matrix of the type 23 = 8 (Table 2). It included single replications, where
two state levels (lower level -1 and upper level +1) and three independent input variables (xi)
(i = 1, 2, 3) occur (Montgomery, 2009; Leszek, 1997):
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x1

proportion of PAC hardener relative to Epidian 52 resin ([phr] - number of parts by
weight of the hardener per 100 parts of resin).
(-) 60 ns i (+) 100 ns, x1(śr) = 80 ns,
∆x1 = 20 ns;
volume fraction of the mixture of both TiO2 nanofillers in the composite [%]
(-) 2% i (+) 5%,
x2(śr) = 3.5%,
∆x2 = 1.5%;

x2

weight fraction of TiO2 (21 nm) to the sum of the weight of both nanofillers TiO2(21 nm) /
[TiO2(100 nm + 1%Mn) + TiO2(21 nm)], [%].
(-) 60% i (+) 90%,
x3(śr) = 75%,
∆x2 = 15%.

x3

The components of the response variable y (the output parameters) are the average maximal
temperature of the rear surface of specimen Ts_max, (oC) and an average relative ablative
(erosive) weight loss Ua, (%) after 120 s of treatment with hot combustion gases.
Table 2 - Full-factorial planning matrix type 23 with repetition (Montgomery, 2009; Leszek, 1997)
j

xo

x1

x2

x3

x1x2

x1x3

x2x3

x1x2x3

1

+

-

-

-

+

+

+

-

2

+

+

-

-

-

-

+

+

3

+

-

+

-

-

+

-

+

4

+

+

+

-

+

-

-

-

5

+

-

-

+

+

-

-

+

6

+

+

-

+

-

+

-

-

7

+

-

+

+

-

-

+

-

8

+

+

+

+

+

+

+

+

b0

b1

b2

b3

b12

b13

b23

b123

y

The regression and interaction coefficients (bi) of all function components have been
calculated. The statistical analysis of the test results enabled to determine the threshold
relevance of the regression coefficients (bi) and estimation of their effect on the output
parameters (y). The output value was calculated from the following equation of the
experiment objective (1) (Montgomery, 2009; Leszek, 1997):
y = (b0 + b1x1 + b2x2 + b3 x3 + b12 x1x2 + b13 x1x3 + b23 x2x3 + b123 x1x2x3) ± s(y)

(1)

Moreover, the variance s(y), regression error and interaction coefficients s(bi), as well as the
level of their statistical significance (bsign ≥ bi) have been determined on the basis of
t-Student test at the confidence level αp = 0.05 (Montgomery, 2009; Leszek, 1997).
SAMPLES PREPARATION
The polymer matrix of the composite samples was Epidian 52 epoxy resin, cross-linked at
room temperature with PAC hardener (curing time - 14 days). The ablation properties of the
resins were modified by adding high density bulk nanofillers (titanium dioxide with a grain
size of 21 nm and 100 nm).
The weight fraction of the hardener (x1) and the content of powder fillers (x2 - the volume
fraction of the mixture of both fillers in the composite and x3 - the weight fraction of TiO2 (21
nm) in the total weight of both nanofillers) were independent variables of the Type I test plan
with repetition and were presented using an orthogonal full-matrix matrix. The weight
compositions of the obtained composites are summarized in Table 3.
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Table 3 - The mass phase compositions of the composites
№

x1

x2

x3

Resi -n,
(g)

Curing
agent, (g)

TiO2 (21 nm + 100 nm),
(g)

TiO2 (21 nm), (g)

TiO2 (100 nm),
(g)

1

-

-

-

14.898

8.939

1.896

1.138

0.758

2

+

-

-

11.823

11.822

1.896

1.138

0.758

3

-

+

-

14.442

8.665

4.741

2.845

1.896

4

+

+

-

11.460

11.461

4.741

2.845

1.896

5

-

-

+

14.898

8.939

1.896

1.706

0.190

6

+

-

+

11.823

11.822

1.896

1.706

0.190

7

-

+

+

14.442

8.665

4.741

4.267

0.474

8

+

+

+

11.460

11.461

4.741

4.267

0.474

The epoxy composite samples were prepared as follows:
- appropriate amount of TiO2 (21 nm) was added to epoxy resin Epidian 52 and mixing of
ingredients was carried out by using a Hielscher UP200H homogenizer (cycle: 1,
amplitude: 100%) during 15 min;
- addition of a second nanofiller TiO2 (100 nm + 1% Mn) to the mixture;
- mixing of ingredients using homogenizer during additional 15 min;
- cooling of obtained mixture to room temperature;
- addition of the curing agent;
- mechanical mixing of obtained composite for 5 min;
- pouring the mixture into previously prepared forms;
- curing of samples at room temperature during 14 days.
The “reference” samples (unmodified, cured epoxy resins) were prepared by adding
appropriate amounts of hardener to the epoxy resin followed by mixing the ingredients.
Sample 01 contained 60 phr of PAC hardener, while sample 02 contained 100 phr of
hardener. The curing time of the samples in the molds was 4 days at room temperature and
then post-cured at 70 °C for 72 hours.
Samples for ablative tests were formed in laboratory conditions. A total of 20 composite
samples with dimensions of 12 x 35 x 26 mm were prepared for the tests.
ABLATIVE TESTS AND THEY RESULTS
Composite samples were weighed and mounted on plasterboard shields on a stand designed
for ablation research prior to ablation test. Next, in a test which lasted t = 120 seconds, the
samples were exposed to a stabilized stream of combustible gases (Figure 2). The heat source
was a burning of propane-butane mixture (65% propane and 35% butane) with temperature of
flammable gases above 1900°C. The flame was stabilized with an ablation gun (Fig. 2b),
whose axis was set perpendicularly to the front surface of the sample (26 x 35 mm). The gun
nozzle was set at a distance of 30 mm away from the surface of the ablation surface. The
above configuration of the ablation test stand allows stabilizing the flame, unifying the
temperature on the ablation surface as well as ensuring the repeatability of results for all test
samples.
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Fig. 2 - The tested samples: (a) size and direction of the exposition of the heat flow, (b) the shape,
(c) at the mooment after ablative test, d) during the test with the ablative gun

During the tests, the following temperatures were measured and recorded on the measurement
stand (Figure 3):
1. The ablative surface Tpa with a thermovision camera Thermo Tracer NEC H2640 at the 60th
second of each test.
2. The ablative surface Tpa(t) using an optical pyrometer OPTCT2MHCF by Optris GmbH,
set at an emissivity of ε = 0.95 and featuring a continuous electronic recording of
temperature variations using Compact Connect 1.7.3 software.
3. The rear sample wall surface Ts(t) by means of TP-204N (NiCrSi-NiSi) thermocouple by
Czaki Thermo-Product using a measurement module USB-4718 by Advantech.

Fig. 3 - Measurement stand: 1 - the ablative gun with flammable gases stabilization, 2 - a tripod, 3 - a
torch, 4 - a flame, 5 - the testing sample, 6 - a sample casing, 7 - the thermocouple, 8 - the temperature
measurer of Ts(t), 9 - a computer, 10 - the pyrometer or the thermovision camera to Tpa(t) measurement

Using a thermovision camera, the temperature distribution on the ablation surfaces of the
tested samples was recorded. Figure 4 shows sample results of temperature measurement on
the surface of the sample № 8, in the 60 second of the ablation sample. The brightest area in
the upper part of the sample (point A) corresponds to the highest temperature on the surface equal to 961.5 °C. The darker areas (points B and C) correspond in turn to its lower values,
780.7 °C and 616 °C. Further away from the hot spot of the sample, the lower temperature
values. The position of the point A in the upper area of the sample is caused by the rising of
the hot gas jet upwards.
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Fig. 4 - Example of the temperature field on the ablative surface at 60 s of
the heat flow exposition (sample № 8)

The temperature of ablative surface (shown in Figure 5) resulted from the heat transfer at
boundary between gas and solid state material, the heat conduction through the wall of the
composite and the ablative processes taking place on surface layer (endothermic chemical
reactions, polymer degradation and different structural changes). The value of this
temperature depended on physical properties of solid material and gas, as well as insulating
wall geometry. Ablative surface temperature Tpa was considered as an indirect input testing
parameter and was assumed as first type boundary condition for Dirchlet (determined by the
temperature distribution anytime on the surface of the body), enabling in the future the resolution
of Fourier Kirchhoff differential equation of unsteady heat conduction in solids (Kucharczyk,
2007; Bakar, 2016).
The average value of all measured maximum temperature Tpa_max was 875°C with a standard
deviation of 14°C (Figure 6).

Fig. 5 - Temperature on the ablative surfaces Tpa(t) during 120 s of the heat flow exposition
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Fig. 6 - Average maximum temperature on the surface of ablation Tpa_max for particular phase compositions
after 120 s of the heat flow exposition

The temperature values obtained on the surface of the rear wall Ts_max depend upon the
possibility of using the material as a protective shield for a wide range of applications. The
temperature of the surface on the rear Ts(t) wall was measured for a period of 120 seconds.
Figure 7 shows temperature curves on the surface of the rear wall of the samples for each
phase composition of the ablative composite.
The highest temperature Ts_max of unmodified epoxy resin crosslinked with 100 phr of PAC
hardener (composition № 2) was almost three times higher than epoxy composite samples.
During the last seconds of the test, the sample was destroyed as recorded by a sharp increase
in temperature on its back surface (Figure 7). However, the reduction of the hardener content
to 60 phr (composition № 1) resulted in decrease of Ts_max, which still remained almost 30%
higher than for the epoxy nanocomposites (Figures 7 and 8).

Fig. 7 - Changing of the rear surface temperature Ts(t) during 120 s of the heat flow exposition

Resin Epidian 52 modified with a nanofiller showed better thermo-protective properties.
Composition № 1 based on 60 phr of hardener PAC, with a content of 2% by volume of a
mixture of titanium dioxides, including 60% by weight TiO2 (21 nm), reached the lowest
temperature Ts_max from all tested composites.
Histograms of temperature changes Tpa(t), for samples from unmodified resins (compositions
№ 1 and № 2), are well below the graphs for epoxy nanocomposites (Figure 5). Under fixed
conditions, the heat transfer between gas and solid depends on the resistance of heat transfer
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rkp, ie the value that include the physical properties of the material and gas with the geometry
of the insulating wall. Thus, from the analysis of histograms temperature Tpa(t), and Ts(t)
(Figures 5 and 7), it follows that the lower temperature of the ablation surface Tpa is due to
higher rates of heat transfer at the border gas-solid, and thermal conduction through the wall
of the composite, which is equivalent to an increase in the temperature of the rear face of the
wall Ts of a given material and depends directly on its phase composition. The greatest degree
of reduction in temperature difference or Tpa(t) - Ts, the characterized nanocomposite epoxy
compositions № 1 and № 8. According to the laws of Pécelta have the greatest resistance to
heat transfer replacement rkp of the test materials. From the point of view of thermo-protecting
properties, it is important that the temperature of the rear face of the wall Ts of the ablative
shield (s) is the lowest after a given time of exposure to the heat flux. However, composites
with a higher temperature on the ablation surface and a lower temperature on the back surface
of the sample wall (higher temperature gradient) are subjected to higher thermo-mechanical
stresses, which can lead to the destruction of the ablation shield (Kucharczyk, 2010).

Fig. 8 - Average maximum temperature on the rear surface Ts_max for particular phase compositions
after 120 s of the heat flow exposition

In this context, the ablation (erosive) weight loss of the Ua composite becomes more
important. The smaller loss of mass of the ablation layer, indicates higher thermal stability of
the composite and a thicker operating top layer (Kucharczyk, 2010) with a low thermal
conductivity coefficient λ(t). The smallest erosive wear after 120 s during the impact of the
stream of combustible gas, the composition of the sample has suffered phase № 4 (Table 4),
which is characterized by a second in order Ts_max low temperature (Figure 9).
The average values of ablative results of the tests (i.e the maximum surface temperature of the
ablation Tpa_max, the maximum temperature of the back surface area of an ablative sample Ts_max
and ablative weight loss Ua) are shown in Table 4.
Table 4 - The results of thermal protective tests after 120 s of treatment with hot combustion gases
Number of specimen, №
Parameter

01

02

1

2

3

4

5

6

7

8

Tpa_max, (°C)

828

867

916

883

854

831

804

903

882

927

Ts_max, (°C)

57

124

36

42

47

41

44

46

43

43

Ua, (%)

65.2

90.7

67.1

58.8

37.7

34.0

47.7

65.3

38.8

37.1
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The lower weight loss is exhibited by composites containing a higher amount of nanofillers,
i.e. 5% by volume fraction - phase compositions № 3, № 4, № 7 and № 8 (Figure 9). Samples
№ 4 and № 8 were cross-linked with a higher amount of hardener (100 phr). The smallest
weight loss (34%) was shown a composite № 4, containing less TiO2 (21 nm), than composite №
8. Sample "reference" № 2, cross-linked (similarly to composite № 4) 100 phr of hardener
PAC, reached the largest ablation fat loss, upto about 90%. This indicates the adverse effect
of a larger amount of PAC hardener on the thermal stability and thermo-protective ablative
properties of pure, unmodified Epidian 52 epoxy resin.

Fig. 9 - Average ablative (erosive) mass loss Ua after 120 s of the heat flow exposition

Epoxy composites have undergone intensive decomposition and pyrolysis during the ablation
process with harmful volatiles products to human health. The formed ablative layer during the
process was not consistent but brittle, very porous and automatically separated from the
original material (Table 5). This constituted a negative phenomenon, which reduced both the
strength and durability of coatings and their thermal protective characteristics.
Composites based on epoxy resins have undergone intensive decomposition and pyrolysis
during the ablation process with harmful volatiles products to human health. The formed
ablative layer during the process was not consistent but brittle, very porous and automatically
separated from the original material (Table 5). This constituted a negative phenomenon,
which reduced both the strength and durability of coatings and their thermal protective
characteristics.
In summary, the smallest weight loss Ua is characterized by a composite № 4 (i.e Epidian 52
+ 100 phr PAC + 5% by volume of TiO2 (21 nm) and TiO2 (100 nm + 1% Mn), including 60 wt% of
TiO2(21 nm).
The lowest end temperature of the back wall surface of the sample Ts_max was obtained by the
composite sample № 1 with the following composition: Epidian 52 + 60 phr PAC + 2% by
volume of TiO2 (21 nm) and TiO2 (100 nm + 1% Mn), including 60 wt% of TiO2 (21 nm).
The best thermoprotective properties were exhibited by the composite which reached the
lowest value of the maximum surface temperature of the sample wall Ts_max (provides the
greatest temperature reduction) and the smallest ablation weight loss Ua (has the highest
thermal stability and is the thickest and most consistent internally, good adhesion to the
original, ablative material exploitation layer with low thermal conductivity). Both conditions
are best met by a sample with phase composition № 4.
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Table 5 - The ablative surfaces and the mass waste of composites after 120 s of heat flux exposition

STATISTICAL ANALYSIS OF THE RESULTS
Statistical calculations of both the component response functions Ts_max(xi) and Ua(xi) were
conducted using the results of ablative testing. Table 6 shows the calculated values of
regression coefficients bi and variance s(y), errors of regression coefficients s(bi), and
significance levels of regression coefficients bistot. The parameter bi is shown in bold - it is lower
than bsign but subject to error s(bi) which, once taken into account to compute bi, helps to estimate
the sum total of bi and s(bi) as larger than bistot, that is, still significant statistically (Montgomery,
2009; Leszek, 1997).
Table 6 - Regression and interaction coefficients of model (1) after 120 s of ablative tests
b0

b1

b2

b3

b12

1.19

-1.69

Ts_max, (°C)

42.56

0.81

Ua, (%)

48.31

-11.41

b13

3.49
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b23

b123

s(y)

s(bi)

bsign

-1.81

1.19

1.34

0.47

1.09

-2.99

4.73

1.67

3.86
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Based on the calculated coefficients of regression and interaction (bi) and considering level of
their significance (bsign ≥ bi), regression equations of the component response functions (2) and
(3) are formulated:
Ts_max(xi) = (42.56 + 0.81x2 +1.19x3 - 1.69x1x2 - 1.81x2x3 + 1.19x1x2x3) ± 1.34°C
Ua (xi) = (48.31 - 11.41x2 + 3.49x1x3 - 2.99x1x2x3) ± 4.73%

(2)
(3)

Analysis of numerical results of statistical calculations for the maximum back side
temperature of tested samples Ts_max are presented in Table 6 and coefficients of response
function Ts_max(xi) equation (2) indicates the following rules:
1. A significant effect on decreasing the temperature of the back surface of the sample wall Ts
has two input variables x2 and x3 (negative coefficient b23). They determine respectively:
the content of the mixture of TiO2 (21 nm) + TiO2 (100 nm + 1%Mn) in the composite and the
amount of TiO2 (21 nm) in the filler mixture. Increasing the number of nanofillers with a
higher TiO2 (21 nm) content in the mixture resulted in the reduction of the maximum
temperature Ts_max. This interaction does not occur when using a larger amount of
hardener (changing the sign to positive at the b123 coefficient).
2. Simultaneous application of larger quantities of hardener and a mixture of nanofillers,
resulted in a lower Ts_max temperature. This is evidenced by the negative value of the
interaction factor b12.
3. Increasing the content of fine-grained oxide TiO2 (21 nm) (without increasing the amount of
mixture of oxides and hardener content) will increase the temperature Ts_max (positive
coefficient b3).
4. Input variable x2, denoting the amount of TiO2 (21 nm) + TiO2 (100 nm + 1%Mn), in the individual
interaction (without taking into account the amount of hardener and composition of the
nanopowder mixture), does not significantly affect the temperature of the back surface of
the sample wall.
Analysis of numerical results of statistical calculations for the ablative weight loss of test
samples Ua presented in Table 6 and coefficients of response function Ua(xi) equation (3)
indicates the following rules:
1. The input variable x2 (negative value of the coefficient b2) has the most important influence
on the ablation reduction of Ua parameter, which means that increasing the amount of
TiO2 (21 nm) + TiO2 (100 nm + 1%Mn) decreases ablation weight loss. The value of coefficient b2 is
over three times higher than the coefficients b13 and b123.
2. Input variables x1 and x3, denoting the amount of hardener and TiO2 (21 nm) in the mixture of
nanofillers, in mutual interaction (positive value of b13), as well as the interaction of all
three variables (negative value b123) do not significantly affect the value of the response
function Ua(xi). In addition, the opposite signs, with both of these coefficients, indicate the
mutual abolition of influence.
CONCLUSIONS
Based on obtained results, it can be concluded that:
1. Composite based on epoxy resin Epidian 52 cross-linked with 60 phr of PAC hardener,
with a 2% by volume of a mixture of TiO2 (21 nm) + TiO2 (100 nm + 1%Mn), including 60% by
weight of TiO2 (21 nm)), characterized by the lowest temperature of the rear wall surface.
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2. Epoxy resin Epidian 52 cross-linked with 100 phr of PAC hardener, with 5% by volume of
a mixture of nanofillers TiO2 (21 nm) + TiO2 (100 nm + 1%Mn), including 60 wt% of TiO2 (21 nm)),
shows the smallest abrasive weight loss Ua, i.e. the best thermal stability of the virgin
material and cohesion of the ablative layer, which improves the resistance to
thermomechanical stresses of the composite and ensures the formation of a passive thermoprotective layer.
3. Increasing the amount of PAC hardener in Epidian 52 resin-based composites and
increasing the amount of both TiO2 (21 nm) and TiO2 (100 nm + 1%Mn) led to increase of the
maximum temperature of the back wall surface Ts_max but at the same time contributed to
the reduction of ablative weight loss Ua.
4. Considering the values of both parameters (Ts_max and Ua), it should be noted that the best
thermal protection properties were shown by composite № 4, which was characterized by a
very low, maximum temperature of the wall surface of the sample Ts_max (40°C) as well as
the lowest value of ablation weight loss Ua (35%).
5. Epidian 52 epoxy resin composites crosslinked with PAC hardener and modified with
TiO2 (21 nm) i TiO2 (100 nm + 1%Mn) showed better thermo-protective properties compared to
virgin unmodified epoxy resins.
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ABSTRACT
A four-variable refined plate theory is developed to analyze the bending behavior of
functionally graded material (FGM) sandwich plates subjected to thermomechanical loads.
The sandwich plate faces are FGM, of which the Young's modulus, Poisson's ratio, and
thermal expansion coefficient are assumed to vary according to an exponential law
distribution in the thickness direction. Two types of FGM sandwich plates, i.e. one with FGM
face sheets and homogenous core and the other composed of homogenous face sheets and
FGM core are considered. The number of unknown functions involved in the present theory is
only four. The governing equations are deduced based on the principle of virtual work and
then these equations are solved via Navier approach. Close-form solutions for simply
supported FGM sandwich plates are obtained. Comparative studies are conducted to
demonstrate the validity and efficiency of the present theory. The effects of significant
parameters such as the gradient index, side-to-thickness ratio, layer thickness ratio and
loading type on the thermomechanical bending behaviors are discussed in detail.
Keywords: functionally graded material, thermomechanical loads, sandwich structures.
INTRODUCTION
Sandwich structure with homogeneous face sheets and homogeneous core [1] have been
widely used in areas of aircraft, aerospace, naval/marine, construction, transportation, and
wind energy systems. With the development of advanced materials, functionally graded
material (FGM) is now being explored in sandwich plates design. Two new types of sandwich
structures with FGM face sheets and homogeneous core or with homogeneous face sheets and
FGM core have been proposed and investigated [2]. The continuously and smoothly varying
material properties of FGM help to eliminate mechanically and thermally induced stresses due
to the material property mismatch at the interfaces which is a major problem in conventional
sandwich structures [3]. Therefore, the mechanical, thermal and thermomechanical behaviors
of functionally graded (FG) sandwich structures have received great attention.
RESULTS AND CONCLUSIONS
The deflections and stresses of two types of FGM sandwich plates under thermomechanical
loads are presented and compared with the existing solutions to verify the accuracy of the
-75-

Topic-A: Composite and Advanced Materials

present method. Typical mechanical properties for metal and ceramics used in the numerical
examples are listed in Table 1. The dimensionless relations for the deflection and stresses of
thermomechanical bending problem are the same used in Ref. [4].
In this paper the thermomechanical bending response of two types of FGM sandwich plates,
Figure 1, is investigated by using a refined four-variable plate theory. Parameter studies are
carried out to analyze the influences of power index p, inhomogeneity parameter k,
geometrical parameters (a/b, a/h ratios) and thermal load on the dimensionless deflections and
normal stresses of the FGM sandwich plates, Figures 2 and 3.
z

Table 1 - Material properties used in the
FGM sandwich plates
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ABSTRACT
This work consists on analysing the behaviour of a transtibial prosthesis developed with a
new composite material of polymer matrix and bamboo reinforcement. The analysis
developed was a static analysis using the finite element method, considering the tensions
generated by the weight of the patient using an FEA software (NASTRAN IN CAD 2015 and
AUTODESK INVENTOR 2015). The development of this study will provide information on
the elements that suffer the highest concentration of stresses.
Keywords: biocomposites, Finite Element Method, prosthesis, bamboo.
INTRODUCTION
In 1972, about fifteen years after the finite element method (FEM) initiated a revolution in
stress analyses of structures in engineering mechanics, this ‘new method to analyze the
mechanical behavior of skeletal parts’ (Brekelmans et al., 1972). was first introduced in the
orthopaedic literature. Traditionally, interest existed in orthopaedics and orthopaedic-related
sciences with respect to stresses and strains in loaded bones, specifically concerning the
relationship between architecture and load-bearing function (e.g. Wolff, 1870; Koch, 1917).
The mathematical tools available for stress analyses in classic mechanics, however, were not
very suitable for the highly irregular structural properties of bones. Hence, the powerful FEM
became the logical choice to fill the gap, due to its unique capability to evaluate stresses in
structures of complex shape, loading and material behavior (Huiskes et al., 1983).
FUNDAMENTATION
Finite Element Analysis is a methodology commonly used in the mechanical design area to
obtain information that allows simulating the behaviour of an engineering model through the
submitted efforts.
This method, especially in complex cases, has replaced analytical methods. The problems
presented can range from fluid analysis, static, hyperstatic, dynamic, heat transfer analysis,
among others. For this, one must choose the appropriate model and method for the nature of
the problem.
According to (Modlen et al., 2007), the development of a computational analysis is divided
into three steps presented below:
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Pre-processing: one of the most important steps. It consists on creating the model with the
problem initial considerations to be studied with possible simplifications. The ability of the
user is important, the skill of the designer during this process is important, because possible
simplifications and arguments that can be used have provided a more reliable result.
Analysis: The analysis process is the more important step on the finite element method
procedure. It is necessary to explain some definitions important to understand the procedure
to include in the calculation of the algorithm.
Initially a finite element method to linear analysis in solid and structural mechanics begin for
define the linear spring equation.
;<= = >?@;A=

Eq. 1

Where U is a vector of the system global displacement and R is a vector of forces acting in
the direction of these displacements. And k is the stiffness matrix of the complete element
assemblage. This matrix is obtained from the stiffness matrices of the individual element
using the direct stiffness method. In this procedure the structure stiffness matrix K is
calculated by direct addition of the element stiffness matrices. (Bathe et al., 2006)
B = ∑4 B4C ,

Eq.2

where the summation includes all elements.

Post-Processing: The post-processing step consists of receiving the data obtained during the
mathematical analysis previously developed and transforming and communication data, such
as motion-linked images and values.
According to (Bathe et al., 2006) each stage of the development process is defined by the
scheme shown in Figure 1.

Fig. 1 - Finite element analysis process.
Source: Bathe, 2006

-78-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

In this work, we intend to analyze the static behavior of transtibial prosthesis by which,
according to (Bathe et al., 2006) of the different approaches presented, the linear structural
analysis is the most appropriate for the study that we wish to develop.
Considering that, the analysis of finite elements is a numerical analysis and that allows having
a prediction of the behavior of a system using computational mathematical models, the
criterion of convergence presents a response that allows assert that the mathematical model
defined in principle, is valid. Therefore, it can be said that appropriate solutions of finite
elements must converge to be satisfactory (Bathe et al., 2006).

METHODOLOGY
In this work, the computational methodology was applied, following the main steps:
Pre-processing
Analysis
Post-processing
Pre-Processing
Geometry
The assembly is composed of 13 pieces, as shown in the Figure 2. It is important to consider
the approximate conditions of the finite element analysis method, as some pieces were
simplified from the original assembly. The excess of areas or operations in the sketch
generate more nodes in the mesh which makes the processing longer.

Fig. 2 - Prostheses Assembly.

Law Material
In the design and project process, was considered a total of six materials shown in Table 1,
with their respective mechanical properties.
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Table 1 - Mechanical properties of materials in study
Item

Quant.

Part name

Material

Density
(kg/m3)

Elastic
Modulus
(GPa)

Poisson’s
ratio

1

1

Socket

Carbon Fiber Composite

1,750

70

0.1

2

1

Tubular Coupling

Stainless Steel

7,850

190

0.28

3

1

Polymeric matrix

1,140

4.940

0.39

3

1

Bamboo + Polymeric
Matrix

Bamboo reinforcement

790

20

0.3

4

1

Tubular Coupling

Stainless Steel

7,850

190

0.28

5

1

Screw M9,5

Stainless Steel

7,850

190

0.28

6

1

Heel

Bamboo

790

20

0.3

7

1

Sole

Rubber

930

0.003

0.5

8

1

Foot

Bamboo

790

20

0.3

9

1

Triangular adapter

Stainless Steel

7,850

190

0.28

10

2

Fixation Screw M6

Stainless Steel

7,850

190

0.28

11

1

Pyramidal Coupling

Stainless Steel

7,850

190

0.28

Disposition assembly:
The global assembly was developed in two subassemblies and Table 2 presents the
arrangement by assembly. In addition, the triangular adapter, tubular coupling and the
pyramidal coupling as they are the same material, were considered as a single piece. This
generates an easier step for the stiffness matrix processing.
Table 2 - Assembly disposition
Item

Part Name

Assembly

1

Socket

1

2

Tubular Coupling

1

3

Bamboo Reinforcement

1

3

Polymeric Matrix

1

4

Triangular adapter + Tubular Coupling + pyramidal Adapter

1

5

Screws M6 and M9.5

1

7

Foot

2

8

Sole

2

9

Heel

2

Load and Constraint
A total weight of 100 kg was considered for the analysis as it is a common value for
prosthesis analysis, considering a safety factor of 3. The final weight is 2,940 N applied on
the lower part of the coupling as showed in Figure 3(a). The area selected to be constraint is
shown in Figure 3(b) as this is the main contact area with the floor.
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(a) Loads locations

(b) Constraint locations

Fig. 3 - Loads and constraint location

Meshing
One of the most important aspects to obtain a correct simulation is mesh configuration. This
configuration is divided in two steps, the first one is global configuration and the parameters
to choose depend on the element size and the tolerance between neighboring parts. High
values in element size generate more nodes to be distributed. Tolerance is important when
there are two neighboring parts, in certain situations the nodes are shared up to the point of
the closing stiffness matrix. A sufficiently wide range of parameters is necessary for a smooth
calculation, Figure 4 presents the parameters configuration considered in this analysis.

Fig. 4 - Mesh parameters and Global configuration
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Analysis and Post Processing
During the analysis two simulations were used. The first partial simulation was the first
assembly; the corresponding values to the stiffness matrix were processed and more than
23,000 nodes were presented, as well as 71,154 degrees of freedom. Those degrees of
freedom are used at everyone node. Each node provides 3 degrees of freedom, Figure 5 shows
the post processing analysis and figure 6 shows assembly 1 in detail.

Fig. 5 - Post-processament data analyses

Fig. 6 - Representation in the partial analyzed of assembly 1

RESULTS
The tensions shown in Figure 7(a) present the higher tension concentration as is detailed in
figure 7(b). The higher tension has magnitude of 1,698.65 MPa and the total displacement is
7.344 mm. The main model considerations are showed in Table 3.
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(a) Representation of the maior tension

(b) tension presented in the tubular coupling

Fig. 7 - Representation of the Maior tension in the prostheses.

Table 3 - Results for the FEA method
Name

Minimum

Maximum
2

Volume

1,119,110 mm

Mass

1.45712 kg

Von Mises Tension

0 MPa

1,698.65 Mpa

Displacement

0 mm

7.344 mm

Tension XX

-686,193 MPa

927.832 MPa

Tension YY

-2,116,54 MPa

1,868.52 MPa

Displacement in X

-6.30174 mm

0.296409 mm

Displacement in Y

-3.81826 mm

0.522518 mm

Deformation XX

-0.248956 mm

0.252634 mm

Deformation YY

-0.541858 mm

0.277003 mm

CONCLUSION
Through the numerical analysis employing finite element methods, the distribution of static
charges applied to the different elements of a transtibial prosthesis could be calculated. It was
verified that the project developed with the use of a polymeric bio composite consisting of
resin and bamboo fiber proved to be resistant to attend the mechanical needs satisfactorily to
support the efforts of people with up to 100 kg.
The main Von Mises stress obtained was 1,698.65 MPa. The critical element of the system is
the lower tubular coupling due to the torsion it suffers as the force vector is vertical and its
vector position for the region is in contact with the ground. The total displacement obtained is
a value according to the manual numerical calculations developed considering that the total
dislocation corresponds to the sum of the individual dislocations of each element.
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ABSTRACT
Generation of industrial waste and byproducts represents a substantial challenge for the waste
disposal management. Usage of such materials in building industry for development of new
materials can be considered as a promising way in this field. During the last decades, an
increased attention is paid to the application of waste materials for geopolymer synthesis.
Moreover, the efforts aimed at alkali-activated aluminosilicates point to an overall positive
environmental impact of such materials due to their lower embodied energy, as compared to
the traditional binders as cement or lime. In this paper, material characteristics of
geopolymers synthesized using waste brick dust as precursor and water glass-sodium
hydroxide mixture as activator are studied, taking into account the influence of curing
temperature and duration. The materials are cured at 21, 40, 60 and 80 °C for 6, 24, 72, and
168 hours in order to find a correlation between curing conditions and compressive and
bending strength. The obtained results provide an important information for further
understanding of the process of geopolymer synthesis.
Keywords: geopolymers, curing temperature, mechanical properties, waste brick dust.

INTRODUCTION
Understanding of the hydration mechanism of alkali activated aluminosilicates poses a
challenging task for material engineers. Despite of decades dedicated to this topic a proper
description of the formation of hydration products is still not available. Investigations in this
field are driven mainly by the effort to find construction materials with multiple benefits, such
as improved mechanical properties, durability, resistance to corrosion and low environmental
impact (Duxson et al., 2007). The ambiguity of results presented across the available
literature can be assigned to the wide composition range of the prime materials (precursors)
and many combinations of applied alkali activators, together with different curing conditions
(Gebregziabiher et al., 2016; Xu and van Deventer, 2000). On this account, efforts aimed at
advanced description of factors influencing material properties are strongly needed. It was
found that hydration products formed during the alkali activation are dependent on the used
precursors, type and concentration of activators and the curing conditions.
A robust research focused on the investigation of the effect of used alkaline activator on the
properties of geopolymers elucidated some important findings and ability of such materials to
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create dense and compact structure with promising mechanical properties (Memon et al.
2013; Fletcher et al., 2005). The excellent resistance against fire or chemical attack, low
thermal contraction and conductivity are other factors which predetermine the great potential
of alkali activated aluminosilicates in building industry. Notwithstanding, the current trend
aimed at sustainability led to the utilization of waste materials as precursors (Naik, 2002;
Karim et al., 2007). Their varying chemical composition poses a substantial challenge for
further research and detailed understanding of all factors with impact on material properties.
Studies aimed at the explanation of the influence of molar ratios during the geopolymerization
elucidated formation of different hydration products. Besides the composition of precursors
and curing conditions, the finesses of the precursors is also crucial for the strength
development and microstructure formation. Some authors (Chindaprasir et al., 2013;
Rattanasak et al., 2009) generally stated that fine particles exhibited an overall better
reactivity and capability to fill pores and induced formation of more dense structure with
improved compressive strength.
Curing conditions were found important factors affecting the behavior of alkali-activated
aluminosilicates (Yusuf et al., 2014). Elevated temperatures can significantly accelerate the
formation of material microstructure and their impact on final mechanical properties is also
substantial. Increased mechanical parameters of formed alkali activated aluminosilicates were
reported also by other authors. The explanation of this finding was proposed by Bakharev
(2005), who concluded that alkali-activation reaction need to overpass a thermal activation
barrier. On the other hand, some authors highlighted the importance of the duration of the
curing period. They noticed that a longer thermal curing period can induce a strength
decrease. A great variety of duration of curing period can be found in the literature. Some
authors (de Vargas et al., 2011) recommended elevated temperature curing for 5 to 12 hours,
but on the other hand Ridtirud et al. (2011) obtained the best mechanical performance of
geopolymer paste after 20 days of curing at 60 °C. Nazzari et al. (2011) obtained the best
mechanical properties after 36 h of curing at 80 °C. Their results also pointed at the risk of
mechanical properties decrease above 90 °C when high temperature could decompose the
granular structure of geopolymers. The potential risk related to high temperature curing
consists in dehydration of geopolymer matrix and consequent undesirable shrinkage.
This study is aimed at the investigation of geopolymers based on waste brick dust which are
alkali activated by the mixture of sodium silicate and sodium hydroxide. The experimental
work is focused on the effect of different curing conditions on the properties of geopolymers.

MATERIALS AND METHODS
Manufacturing and grinding of thermal insulation bricks produces a substantial amount of
waste brick powder with presumably favorable chemical composition and ready-to-use
properties. The material obtained from Heluz, Czech Republic was only gathered and dried at
105 °C for 48 h to remove redundant moisture and sieved.
An Analysette 22 Micro Tec plus (Fritsch) device was used for determining the brick powder
particle distribution. The measurement is based on the laser diffraction principle and can be
used for the particle range from 0.01 µm to 2 mm; red laser is employed for coarse particles,
while green laser beam for fine particles. Figure 1 shows that the used brick powder had a
suitable finesses, with the maximum located close 55 µm.
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Volume of particle fraction [%]

8
7
6
5
4
3
2
1
0
0,04

0,31

1,12

4,06
14,76 53,70
Particle size [µm]

195,90 711,00

Fig. 1 - Particle size distribution of brick powder

The chemical composition of the studied waste brick powder was determined by X-ray
fluorescence (XRF) analysis. The results presented in Figure 2 showed that the necessary
oxides were present in substantial amounts.
70
60

58,8

Mass [%]

50
40
30
19,6

20
10

5,7

6,9
2,9

2,8

1,5

0,8

0,7

K2O

MgO

Na2O

TiO2

SO3

0
SiO2

Al2O3

Fe2O3

CaO

Compound
Fig. 2 - Chemical composition of waste brick powder

X-Ray diffractograms of the applied brick powder were obtained using a Panalytical XPert
Pro diffractometer. The content of amorphous phase was determined by help of an added
internal standard (20 % of ZnO). The obtained results are showed in Table 1. The amorphous
part of waste brick powder constituted about 28 mass% of the sample. Among the most
distinct crystalline compounds belonged quartz (26.2 mass%), albite (13.0 mass%), and
muscovite (12.5 mass%)
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Table 1 - Mineralogical composition of waste brick powder (XRD)
Substance

Chemical composition

(% by mass)

-

27.8

Quartz

SiO2

26.2

Hematite

Fe2O3

2.3

Albite

NaAlSi3O8

13.0

Microcline

KAlSi3O8

3.6

Orthoclase

KAlSi3O8

3.5

Muscovite

KAl2(AlSi3O10)(OH)2

12.5

K0.65Al2(Al0.65Si3.35O10)(OH)2

3.8

Diopside

CaMgSi2O6

4.4

Akermanite

Ca2MgSi2O7

2.8

Amorphous part

Illite

The alkali activation was done by a mixture of sodium silicate and sodium hydroxide with the
silicate modulus of 1.0, according to the recommendation of Law et al. (2014). During the
geopolymer preparation, sodium hydroxide pellets (Fichema a.s.) were firstly dissolved in
water and consequently mixed with sodium silicate (Vodní Sklo, a.s.). The brick powder was
added afterwards and mixed in. The composition of prepared mixtures and description of
curing conditions is summarized in Table 2.
Table 2 - Composition and curing conditions of geopolymer mixtures

Material

Brick
powder
(g)

Water
glass
(g)

NaOH
(g)

Water
(ml)

Silicate
modulus
(-)

AA-21-6

200

70

9.5

50

1

AA-21-24

200

70

9.5

50

1

AA-21-72

200

70

9.5

50

1

AA-21-168

200

70

9.5

50

1

168 h

AA-40-6

200

70

9.5

50

1

6h

AA-40-24

200

70

9.5

50

1

AA-40-72

200

70

9.5

50

1

AA-40-168

200

70

9.5

50

1

168 h

AA-60-6

200

70

9.5

50

1

6h

AA-60-24

200

70

9.5

50

1

AA-60-72

200

70

9.5

50

1

AA-60-168

200

70

9.5

50

1

168 h

AA-80-6

200

70

9.5

50

1

6h

AA-80-24

200

70

9.5

50

1

AA-80-72

200

70

9.5

50

1

AA-80-168

200

70

9.5

50

1
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Temperature
of curing

Duration of
curing
6h

21 °C

40 °C

60 °C

80 °C

24 h
72 h

24 h
72 h

24 h
72 h

24 h
72 h
168 h
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Cast samples were further divided into several categories and cured in different conditions.
Four temperatures were chosen, namely 21, 40, 60 and 80 °C and the curing took 6, 24, 72
and 168 hours.
Among the basic physical properties of studied geopolymers, the bulk density, matrix density
and open porosity were measured. The bulk density was determined by weighing the samples
with known volume which was obtained using a digital caliper. The matrix density was
measured by a Pycnomatic ATC (Thermo Scientific) helium pycnometer. The total open
porosity was calculated on the basis of the knowledge of bulk- and matrix density.
A hydraulic testing device VEB WPM Leipzig having a stiff loading frame with the capacity
of 3000 kN was employed for the measurement of compressive and bending strength.
RESULTS AND DISCUSSION
The basic physical properties are given in Table 3. Two basic trends were observed in the
changes of open porosity; it decreased with increasing curing temperature and increasing
curing duration. The bulk density showed the opposite trends, the matrix density was found
basically unaffected by curing conditions.
Table 3 - Basic physical properties of studied materials
Mixture

Bulk density [kg/m3]

Matrix density [kg/m3]

Total open porosity [%]

AA-21-6

1760

2672

34.70

AA-21-24

1786

2664

32.96

AA-21-72

1812

2658

31.83

AA-21-168

1874

2649

29.26

AA-40-6

1801

2666

32.45

AA-40-24

1836

2657

30.90

AA-40-72

1865

2658

29.83

AA-40-168

1881

2651

29.05

AA-60-6

1812

2648

31.57

AA-60-24

1842

2645

30.36

AA-60-72

1870

2658

29.65

AA-60-168

1899

2641

28.10

AA-80-6

1820

2647

31.24

AA-80-24

1850

2642

29.98

AA-80-72

1885

2648

28.81

AA-80-168

1895

2650

28.49

As it was reported by Altan and Erdogan (2012), the increased temperature curing can induce
the formation of a more dense structure compared to the mixtures cured at ambient
conditions. Hydration at the elevated temperature can, according to the research performed by
Nazzari et al. (2011), affect the condensation and re-solidification periods, which plays an
important role for the development of microstructure and mechanical properties. The basic
physical properties obtained in this paper were thus in a good qualitative agreement with these
findings.
-89-

Topic-A: Composite and Advanced Materials

The lowest values of compressive strength were obtained for mixtures cured at ambient
conditions (Figure 3). The increase in curing temperature led to a significant improvement of
compressive strength. The curing at 40 and 60 °C brought a continuous increase in
compressive strength with curing time up to 26.75 MPa and 57.31 MPa, respectively. For
curing at 80 °C, the compressive strength in the initial time periods was significantly higher
than for other curing temperatures but the increase was stopped after 72 h at 47.94 MPa.
According to the findings of Topark-Ngarm et al. (2014) the observed improvements can be
assigned to the higher degree of geopolymerization.
70
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Compressive strength [MPa]

60

40 °C
60 °C

50

80 °C
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20
10
0
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140

160

180

Fig. 3 - Compressive strength in dependence on curing temperature and duration
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Duration of curing [h]
Fig. 4 - Bending strength in dependence on curing temperature and duration

The bending strength increased with the increasing curing temperature and curing time only
up to 60 °C and 72 h (Figure 4). The highest bending strength after 168 h showed the
geopolymer cured at 40 °C. Curing at 80 °C was effective only up to 6 h; for longer curing
times the bending strength was even lower than for geopolymers cured at ambient conditions.
The obtained results were in accordance with the findings of Nazzari et al., (2011), who
described a decrease of mechanical parameters as a result of prolonged curing period due to
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excessive shrinkage caused by the dehydration of geopolymer matrix. Apparently, for the
geopolymers analyzed in this paper, the decrease of bending strength was a consequence of
the crack appearance caused by shrinkage which was more pronounced than for the
compressive strength.
Summarizing the results obtained for the compressive and bending strengths, the optimal
combination of curing conditions for the studied geopolymers was the curing temperature of
60 °C and curing duration of 168 h when the strength values of 57.31 MPa and 2.68 MPa,
respectively, were achieved. In a comparison with the common curing at ambient temperature,
which after 168 h resulted in the compressive strength of 17.45 MPa and bending strength of
2.58 MPa, it was for the compressive strength a remarkable improvement but for the bending
strength only a negligible increase.
CONCLUSIONS
The effect of various curing regimes on the properties of geopolymers based on the utilization
of waste brick powder as precursor was investigated in this study. The chemical composition
and the particle size distribution of the raw material pointed at its suitability for alkaline
activation. The experimental assessment of material properties of analyzed geopolymers
showed that curing temperature had a major influence on the compressive strength which
after curing at 60 °C increased up to three times, as compared with curing at ambient
conditions. Apparently, this increase was related to the compaction of microstructure of the
geopolymer caused by the higher degree of geopolymerization, which was manifested by the
decrease of open porosity. On the other hand, the improvements in bending strength due to
the increase of curing temperature up to 60 °C were only marginal, which could be attributed
to the negative effect of enhanced shrinkage accompanied by crack appearance competing
with the microstructure compaction. Curing duration up to 168 h had a positive effect on both
compressive strength and bending strength for the curing temperatures up to 60 °C. Curing at
80 °C was effective only for the compressive strength in shorter time periods; the bending
strength was affected negatively already after 24 hours of curing time.
Summarizing the results obtained in this paper, one can conclude that the increase of curing
temperature up to 60 °C can lead to a substantial increase of the mechanical performance of
geopolymers based on waste brick powder, which can also increase their application potential
in the building industry. However, the obtained contradictory results for compressive and
bending strength indicate a need for further, more detailed investigations.
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ABSTRACT
Four types of sulfonamide derivatives were introduced on the surface of polystyrene (PS)
resin and their feasibility of complex formation with calcium ions was investigated.
Regeneration efficiency of each sulfonamide in different pH was also evaluated to examine
their potentials in water softening industry. Finally, ion trapping ability and reuse condition of
the product were compared with those of the commercialized chelate resin.
Keywords: water-softening, polystyrene beads, sulfonamide.
INTRODUCTION
Water softening is a process removing magnesium and calcium cations from hard water for
industrial or household use. It is an important procedure since these ions are known to cause
significant problems on operation and maintenance of equipment or piping in facilities.
Common methods for removing cations include reverse osmosis, ultrafiltration, distillation,
using ion-exchange / chelate resins, and so on. Ion-exchange resin and chelate resin consist of
chemically surface-treated porous polymeric particles that capture calcium ions dissolved in
water and release other cations such as sodium from the resin.
A variety of sulfonamide derivatives were introduced onto the surface of polystyrene latex
microbeads. 1.88 ± 0.05 mmol/g of the sulfonamide-based ligand was introduced in maximal
amount onto the surface of beads. Cation chelating capacity of the product was quantified by
ion capturing test, and appropriate types of sulfonamides were chosen as candidates. Finally,
their metal ion capturing capacity in actual circumstances and regeneration property in
moderate acidic pH were verified. Among the surface-treated sulfonamide derivatives,
glycine-conjugated sulfonamide (SA-Gly) group, which had 0.90 ± 0.01 mmol/g of ion
capturing capacity and rapidly regenerated at pH 5.0, was found to be most appropriate for
water softening application.
RESULTS AND CONCLUSIONS
The capacity of calcium ion capturing via chelating properties of SA-TETATA and SA-Gly
ligands was plotted in Figure 1. As pH decreased from 7.0 to 3.0, calcium ion sorption by PSSA-TETATA was gradually decreased from 1.88 ± 0.05 to 0.93 ± 0.01 mmol/g. Any drastic
change in capacity at a certain pH was not observed since nitrogen atom in the sulfonamide
group did not play any roles in cation chelation. On the other hand, sharp change in ion
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binding ability of PS-SA-Gly was detected at pH between 5.0 and 6.0. Calcium ion capturing
capacity of the SA-Gly ligand was decreased to nearly zero at a certain range of pH 5.0 to 6.0,
which caused by the characteristic pKa value of sulfonamide group.

Fig. 1 - Calcium ion capturing of modified PS beads
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ABSTRACT
This work introduced new results of the study mechanical properties and microstructure of
carbon fibers reinforced Al-matrix and Ti-matrix composites. It is shown that carbon fibers
coating based on silica can be produced by sol-gel procedure. It is shown that carbonfiber/titanium-matrix composites can be produced by a liquid-phase route with the Ti-Ti5Si3
eutectic as an intermediate phase.
Keywords: composites, aluminium, titanium, carbon fibres, mechanical properties.
INTRODUCTION
Reinforcing aluminium and titanium with carbon fibres (CF) allows, first, enhancing the use
temperature of the materials as compared with that characteristic for CFRP, and secondly,
replacing metal alloys in many structural elements of aircrafts and aviation engines. This will
yield an essential reduction in the total weight of the machines. In the case of the aluminummatrix composites, the key issue is to prevent chemical interactions between the matrix and
fiber with the formation of undesired aluminium carbide. A possible solution of this problem
is coating the fibre by an appropriate material.
The development of carbon-fibre/titanium-matrix composites technology meets similar
problem: chemical interactions between the matrix and fibre with a subsequent fibre
degradation. A possible way to reduce chemical reactions at the fibre/matrix interface is to
decrease infiltration temperature by using a Ti-based eutectic as an intermediate matrix.
RESULTS AND CONCLUSIONS
СF without coating and with a sol-gel coating of SiO2 was annealed at a temperature of 600°C
for 1.5 hours. SEM of CF with coating before (a) and after (b) heat treatment are shown in
Figure 1. The fibrous form of annealed CF with coating (b) is also observed. It is most likely
that in the annealing process in the air atmosphere, carbon burns out, while the silicon oxide is
unchanged. For comparison, SEM of CF with coating before heat treatment is also shown (a).
Microstructure of coated fiber reinforced Al-matrix composite are shown in Figure 2.
Table 1 shows the elastic properties of carbon fibre reinforced composite with Ti/Ti-Ti5Si3
matrix. Note that the Young's modulus of the composites reinforced with the fibres of low
Young’s modulus is very high and is close to the Young's modulus of steels. This means that
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in the material, in addition to the matrix, eutectic and fiber, there is one more phase with a
high Young's modulus. This is titanium carbide at the matrix-fiber interface (the Young's
modulus of TiC is about 495 GPa. Specific value of the Young’s modulus of the composites
can reach 65 (m/s)2 that is twice as high as this property of structural metal alloys.

Fig. 1 - SEM of CF with coating before (a) and after (b) heat treatment

Fig. 2 - Microstructure of Al-matrix composite
Table 1 - Uniaxial tension test results
Volume fraction
C+TiC

Ti-Ti5Si3

Ti

0.25
0.30
0.50

0.10
0.10
0.12

0.65
0.60
0.48

Density, g/cm3

Young’s modulus, GPa

3.72
3.55
3.22

190
200
210
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ABSTRACT
Basic physical properties, mechanical properties, and water absorption of concrete suitable for
engineering barriers against radionuclide movement in nuclear waste repositories are studied.
At the mix design, natural zeolite is used to enhance the radionuclide sorption ability of
concrete and the influence of its dosage on the engineering properties of concrete is analyzed.
Keywords: natural zeolite, radionuclides, basic physical properties, mechanical properties,
water absorption
INTRODUCTION
Radionuclide transport from nuclear waste repositories into the natural environment is
unacceptable. Therefore, the construction of rad-waste repositories is based on a multi-barrier
system (Koťátková et al., 2017). Concrete, as a well known construction material with low
cost and very good properties, is a good choice to be used as a secondary engineering barrier
in the multi-barrier system. This particular part of the system is called secondary package.
Such concrete package is multi-functional, as it can serve as a shielding and protection box
for transport of the primary package of nuclear waste and also provide a mechanical barrier
inside the repository (IAEA, 2001). Next to this, the protection can be enhanced by its ability
to lower the radionuclide transport into the environment.
The radionuclide transport through a material can be limited by the use of sorption materials,
such as natural zeolite. These materials offer sites for physical bonding of the hazardous ionic
species. There are several mechanisms of radionuclide immobilization, the most prevailing is
ion exchange (Koťátková et al., 2017). Natural zeolite has a very porous structure and
contains poorly bonded ions, which very easily enter the process of ion exchange (Ahmadi
and Shekarchi, 2010). Therefore, the work was aimed at incorporation of zeolite in concrete,
while investigating the changes in its engineering properties.
MATERIALS
The composition of concrete mixtures is presented in Table 1. The concrete mixtures were
composed of aggregate with maximum grain size 16 mm and the granulometric curve was
complemented with fine grains of silica flour. For all studied mixtures, except from the
reference, ordinary Portland cement CEM I 42.5 R was substituted by 20% of natural zeolite,
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which takes action in the hydration process due to its pozzolanity. Further addition of zeolite
was dosed as a replacement of the fine inert silica flour by 33%, 66% and 100%. Watercement ratio was not constant as the design was made to achieve a specified flow of 160 mm
(according to the standard ČSN EN 206).
Table 1 - Composition of studied mixtures
RZR

RZ1

RZ2

RZ3

RZ4

400

320

320

320

320

-

-

-

-

-

80

120

160

200

Silica flour ST6

120

120

80

40

-

Aggregates 0-4 mm Dobříň

760

760

760

760

760

Aggregates 4-8 mm Zbraslav

455

455

455

455

455

Aggregates 8-16 mm Zbraslav

483

483

483

483

483

Superlasticizer - Stachesil 2000

6.9

6.9

6.9

6.9

6.9

Water

195

165

160

160

160

Portland cement CEM 42.5 R
Silica fume
Zeolite

RESULTS AND DISCUSSION
The basic physical properties measured by water vacuum saturation method and pycnometry
are given in Table 2. The table shows an increase of open porosity with the increasing
amount of zeolite in the mixture. When omitting the reference mixture (which did not contain
any zeolite), the differences were within 12% and 18% for water vacuum saturation method
and pycnometry, respectively. In a comparison with the reference mixture the increase was
almost by 50%. However, it should be noted, that the reference mixture did not contain any
pozzolnic admixture and therefore the amount of cement was higher. Changes in bulk density
and matrix density were in an agreement with the open porosity.
Table 2 - Basic physical propesrties of studied concrete mixtures
Water vacuum saturation method
Bulk density
[kgm-3]

Pycnometry and gravimetric method

Matrix density Open porosity
[kgm-3]
[%]

Bulk density
[kgm-3]

Matrix density Open porosity
[kgm-3]
[%]

RZR

2 319

2 579

10.1

2 361

2 638

10.5

RZ1

2 111

2 514

16.0

2 166

2 595

16.5

RZ2

2 097

2 505

16.3

2 157

2 594

16.8

RZ3

2 046

2 456

16.7

2 152

2 595

17.1

RZ4

2 002

2 448

18.2

2 082

2 606

20.1

In the relation to open porosity, the mechanical properties slightly worsened, as it can be seen
in Figures 1 and 2. Both compressive strength and three-point bending strength were
decreasing with a rising amount of zeolite. Again, without taking the reference into account,
the decrease of compressive strength was within 20%; in case of bending strength the drop
was higher, by 40%, which can cause a significant loss of mechanical performance. In a
comparison with the reference mixture, the loss of mechanical properties was also almost
50%.
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Compressive strength [MPa]

180

166

160
140
120

108

102

100

88

86

RZ3

RZ4

80
60
40
20
0
RZR

RZ1

RZ2

Fig. 1 - Compressive strength test results
9

8,0

Bending strength [MPa]

8

7,1

7
6,0
6
5

4,3

4,2

RZ3

RZ4

4
3
2
1
0
RZR

RZ1

RZ2

Fig. 2 - Three-point bending strength test results
0,03

Water absorption coefficient
[kg m-2 s -1/2]

0,026
0,025
0,022
0,020
0,02
0,016
0,015
0,01

0,010

0,005
0
RZR

RZ1

RZ2

RZ3

Fig. 3 - Values of water absorption coefficient
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Apparent moisture diffusivity
[m2 s-1]

2,1E-08
1,72E-08

1,8E-08
1,5E-08

1,81E-08

1,33E-08

1,2E-08

1,02E-08

9,0E-09
5,93E-09
6,0E-09
3,0E-09
0,0E+00
RZR

RZ1

RZ2

RZ3

RZ4

Fig. 4 - Values of apparent moisture diffusivity

Figures 3 and 4 present the results of water absorption experiment. Water absorption
coefficient rose with zeolite addition, the increase was by 37% when comparing mixtures with
no substitution and 100% substitution of silica flour by natural zeolite. In a comparison with
the reference, the rise was by 63%. The experiment provided also the values of apparent
moisture diffusivity, which went also up with the addition of zeolite. The increase was even
more significant, being 44% when omitting the reference.
CONCLUSIONS
The effect of using natural zeolite in concrete suitable for engineering barriers against
radionuclide movement in nuclear waste repositories was analyzed. The measurement of basic
physical properties, mechanical properties, and water absorption showed an engineering
properties loss caused by adding natural zeolite as a sorption material. Further experiments
should be performed to balance the benefits related to the limitation of radionuclide transport
and possible problems caused by worsening of functional properties.
ACKNOWLEDGMENT
This work was supported by the Czech Science Foundation, under project No 17-11635S.
REFERENCES
[1] Ahmadi B, Shekarchi M. Use of natural zeolite as a supplementary cementitious
material. Cement and Concrete Composites. 2010, pp. 134-141.
[2] IAEA. Handling and processing of radioactive waste from nuclear applications.
International Atomic Energy Agency, Vienna. 2001.
[3] ČSN EN 206 - Concrete - Specification, performance, production and conformity, Czech
Standardization Institute, 2014.
[4] Koťátková J, Zatloukal J, Reiterman P, Kolář K.Concrete and cement composites used
for radioactive waste deposition. Journal of Environmental Radioactivity. 2017, pp. 178-179.

-100-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7238

DAMPING PROPERTIES OF CORK/FIBRE REINFORCED
POLYMER COMPOSITES
Ali Daliri1,2(*), Tahsin Anowar1, Jose Silva1
1
School of Engineering, RMIT University, Melbourne, Australia
2
Defence Materials Technology Centre (DMTC), Hawthorn, Australia
(*)
Email: ali.daliri@rmit.edu.au

ABSTRACT
Cork is a natural and renewable material which has found applications in various industries
for more than 5000 years. In this study, the effect of embedding cork particles with various
sizes, weight percentages, and locations on vibration characteristics of composites was
investigated. The results show that cork granules increase the loss factor in fibre composites
where particle size has slight influence on its performance.
Keywords: cork, composite, damping, S2-glass.

INTRODUCTION
Cork is a renewable, natural and viscoelastic material which exhibits excellent energy
absorption capabilities, making it a viable candidate when vibration suppression and damping
characteristics are major design requirements. However, the effect of adding such a
viscoelastic material to enhance the damping characteristic of fibre reinforced composites has
not been widely explored. Whilst, previous research shown that size of cork granules can
affect mechanical properties of composites, such an effect has not been investigated on
damping characteristics of composites.
This paper investigates the damping characteristics of cork reinforced composites with
potential applications in aerospace and automotive industry. Cork granules with different
sizes were added to S2-glass fibre/phenolic resin composite at different locations of the
laminate with varying weight percentages. Samples were prepared using vacuum assisted
resin infusion technique. Vibration tests were conducted using ASTM standard E756.
Composite samples with 0% cork inclusion were used as control.

RESULTS AND CONCLUSIONS
Table 1 shows the nine configurations that were used in the experiments. For samples with
cork granules embedded underneath the surface of composite, the laser vibrometer measured
the response of material from this surface. Figure 1 shows the measured loss factor of all nice
sample configurations. The addition of cork to fibre reinforced composite improved the
damping characteristic of the material. In addition, Figure 1 shows the effect of particle size
and location of the loss factor of composite. The location of cork granules and their weight
percentage are more important than the size of particles in determining the loss factor of
composite.
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Table 1 - Test matrix
Sample No.

Cork Granule size (mm)

Cork Content (wt%)

Cork Location

1
2
3
4
5
6
7
8
9

NA
0.5-1.0
0.5-1.0
0.5-1.0
0.5-1.0
1.0-2.0
1.0-2.0
1.0-2.0
1.0-2.0

0
5
10
5
10
5
10
5
10

NA
underneath surface
underneath surface
mid-plane
mid-plane
underneath surface
underneath surface
mid-plane
mid-plane

Fig. 1 - Mean loss factor of samples 1-9 at frequency of 1 kHz

This study shows that the addition of cork granules to fiber reinforced composites increase the
vibration loss factor of the material. Furthermore, the results suggest that the most important
factors are weight percentage and location of cork particles. Further experiments are required
to determine other dynamic properties of cork/fibre reinforced composite materials.
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ABSTRACT
Yttrium and ytterbium silicates are attractive materials for the fibres to be used as
reinforcement for high temperature composites. The internal crystallization method allows
obtaining a variety of the oxide fibres. Hence, it was used to produce fibres containing the
silicates mentioned. In the present paper, for the first time, systematic data on the
microstructure and strength of the fibres are presented.
Keywords: composites, oxide fibres, yttrium silicates, ytterbium silicates, microstructure.
INTRODUCTION
Yttrium and ytterbium silicates have been considering as effective materials for anti-oxidation
coatings for ceramic and carbon based composites, (Xu, 2010; Ma, 2017). This makes such
silicates attractive materials for the fibres to be used as reinforcement for high temperature
composites. The internal crystallization method allows obtaining a variety of the oxide fibres
(Mileiko, 2005). Hence, it was used to produce fibres containing the silicates mentioned. In
the full-text paper systematic data on the microstructure and strength of the fibres are to be
presented.
RESULTS AND CONCLUSIONS
Molybdenum-matrix composites reinforced with fibres of pure silicates Re2SiO5 and
Re2Si2O5 and of the compositions close to the Re2O3-Re2SiO5 eutectics (Re = Y, Yb) were
obtained with fibre crystalization rate from 10 to 250 mm/min. The fibre volume fraction was
between 35 and 40%. An example of the eutectic fibre microstructure is presented in Figure
1(a); phase composition of the fibre is given in Figure 1(b). Composites were tested in 3point bending at temperatures from 20 to 1400ºC, and then fibre strength values were
calculated by using the strength data of the matrix, see Figure 2(a).
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Fig. 1 - The microstructure (a) and X-Ray spectra (b) of a fibre crystallised from the Yb2O3-SiO2 mixture
corresponding to the Yb2O3-Yb2SiO5 eutectic.
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The fibre strength/temperature dependencies are presented in Figures 2 and 3.
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Fig. 2 - (a) Temperature dependence of the strength of molybdenum matrix, Yb2SiO5-fibre/Mo-matrix
composites and Yb2SiO5-fibres. (b) The effective Yb2SiO5-fibre strength at RT and 1400oC versus
crystallisation rate of the fibres.
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Fig. 3 - The effective fibre strength at RT and 1400oC versus crystallisation rate of the fibres.
(a) The fibres crystallised from the Yb2O3-SiO2 mixture corresonding to the
Yb2O3-Yb2SiO5 eutectic. (b) The Y2Si2O7-fibre.

We conclude that:
1. For the first time fibres containing yttrium and ytterbium silicates were obtained.
2. All the fibres are sufficiently strong up to a temperature of 1400oC.
3. The fibre strength depends on the crystallisation rate and this means that the fibre
fabrication technology needs to be optimised.
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ABSTRACT
The open literature is not sufficient to establish a full knowledge about the effect of hostile
environments on time-dependent behaviour of CFRPs. Therefore, this work aims to study the
effect of acid and alkaline solutions on the viscoelastic properties of carbon/epoxy laminates,
after immersion into such solutions. For this purpose, hydrochloric acid (HCl) and sodium
hydroxide (NaOH) solutions were used, and the influence of temperature, solution’s
concentration as well as exposure time were analysed in order to identify significant
differences on the stress relaxation behaviour. The effect observed was conveniently
quantified and the Kohlrausch-Williams-Watts (KWW) function was used as model to fit the
stress relaxation data.
Keywords: CFRP, environmental degradation, failure, stress relaxation.
INTRODUCTION
Composite materials are used in many engineering areas, and there is a clear indication that
this tendency is to continue as consequence of their high specific strength and stiffness,
competitive cost and dynamic properties. However, due to the viscoelastic behavior of the
organic polymer matrix, applications for long periods of time can be seriously affected in
structures manufactured by polymeric matrix composites (Tang, 2015).
In this context, it is becoming common the replacement of the traditional metals by composite
materials in components subjected to highly corrosive environments. For such conditions,
literature reports that the mechanical properties are strongly dependent of the solutions’
concentration and temperature (Mortas, 2014) as well as the exposure time (Amaro, 2013).
Therefore, this study intends to evaluate the effect of acid and alkaline solutions on the stress
relaxation behaviour of carbon/epoxy laminates, where parameters like exposure time,
solution’s concentration and temperature will be analysed in detail.
RESULTS AND CONCLUSIONS
The results from the stress relaxation tests are shown in Figure 1 and Figure 2. In terms of
exposure time, typical curves are presented for NaOH solution, but they are also
representative of the ones obtained for HCl solution. Relatively to the temperature of the
solution, the results obtained are compared against the control samples and the exposition
only to the temperature without immersion into the solutions.
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From Figures 1 and 2 it is possible to observe that both parameters present some influence on
the stress relaxation behaviour, but the temperature effect (for the same exposure time) shows
to be more relevant as consequence of the higher degradation of the composite.

Fig. 1 - Effect of the exposure time for samples immersed into NaOH solution.

Fig. 2 - Effect of the temperature.
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ABSTRACT
This paper presents a study on the mechanical and thermal properties of an epoxy foam. It is
synthesized from a commercial epoxy resin with the addition of a Chemical Foaming Agent.
Epoxy foams are of interest in structural applications in junction with more popular Polymer
Matrix Composites. The foam can add buoyancy and thermal insulation to composite
structures, thanks to its reduced density. The material showed a range of properties that have
the potential to be tailored in function of the end application.
Keywords: epoxy foam, chemical foaming, DMA, mechanical, thermal insulation.
INTRODUCTION
Polymer Matrix Composites (PMCs) are becoming more widely diffused in the Oil & Gas
industry. One of the issues affecting offshore oil recovery is the need to keep the extracted
crude in a fluid state to avoid clogging or solid-phases precipitation in the pipeline, despite the
low temperatures of ocean water. Thermal insulation is not only a technical requirement: it
can deeply affect the energy consumption of the system, hence the operational costs. Among
the different techniques in use for maintaining the fluid in optimal condition, passive thermal
insulation (applied to the pipelines) is one of the most convenient. PMCs are already a step
ahead compared to metal alloys, thanks to their overall lower thermal conductivity. Their
insulation performance can be further improved through the addition of foam liners to the
pipe layered structure. Epoxy foams are interesting for composite structural applications, as
they can adhere effectively to different substrates, show good mechanical properties and are
thermally and chemically stable.
Another positive feature of foam usage in the pipe structure is that leads to a reduction in the
overall density of the structure. This can play a relevant role in offshore riser systems which
often have to withstand high structural tensile loads (Jha et al., 2013), and require the addition
of external buoyancy to achieve a stable structure. The ability to tailor the foam layers to
achieve a neutrally buoyant pipeline would greatly ease the design work, relieving important
stresses to the components and materials involved, and increasing the versatility of these
pipeline systems.
The industry is developing systems where the blowing agent is introduced as an additive in
the resin formulation. This releases the foaming gas simultaneously during the curing
reaction, exploiting the polymerisation heat generated. Foams of different morphologies can
be obtained by adjusting the resin formulation and the curing parameters. This represents an
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easy and economical method for the epoxy foam production. In this work, we started from a
commercial epoxy resin to which we added a siloxane as Chemical Foaming Agent (CFA)
(Stefani et al., 2003). Different amounts of CFA were attempted in multiple formulations,
between 1 to 5% of the weight fraction, to find the optimum for the foam morphology sought.
Once the preferred curing route was defined, representative samples were cut using a
numerically controlled tool machine, in order to maintain a strict dimensional tolerance. The
specimens underwent mechanical testing as quasi-static compression (following ASTM
D1621 standard) and 3-point bending (as ISO 1209).
RESULTS AND CONCLUSIONS
The results highlight how the morphology of the porosities and the apparent density are
pivotal to the achievement of improved mechanical strength. Thermal testing was performed
as well: Dynamic Mechanical Analysis (DMA) allowed the assessment of the glass-transition
temperature in comparison to the not foamed epoxy, while Thermal Gravimetric Analysis
(TGA) offered insight about the thermal stability of the foam.

Fig. 1 - Correlation between the apparent density of the foam and the linear thermal conductivity
measured at 25 °C. The percentages refer to the weight fraction of the CFA added.
Table 1 - Mechanical properties of different batches of resin in relation to their apparent density
ρ
g/cm3
0.268
0.224
0.401

Compressive
modulus E
MPa

Compressive
strength σ
MPa

123.4
109.7
154.9

4.1
3.2
10.4

E/ρ

σ/ρ

MNm/kg

kNm/kg

0.460
0.490
0.386

15.4
14.5
25.9

Flex
modulus
MPa
-

Flex
strength
MPa
-

377.7

12.6

ACKNOWLEDGMENTS
The authors gratefully acknowledge that the research leading to these results has received
funding from the European Union’s Horizon 2020 Research and Innovation programme under
the Marie Sklodowska-Curie grant agreement No 642557.
REFERENCES
[1] Jha, V., Latto, J., Dodds, N., Anderson, T., Finch, D., Vermilyea, M., 2013. Qualification
of Flexible Fiber-Reinforced Pipe for 10,000-Foot Water Depths. Houston, Texas USA.
[2] Stefani, Barchi, T., Sabugal, Vazquez, 2003. Characterization of epoxy foams. Journal of
Applied Polymer Science 90, pp. 2992-2996.
-108-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7277

ISOLATING VIBRATION BY PERIODIC COMPOSITE STRUCTURES
Hongping Hu1,2(*), Yuantai Hu1,2
1
Department of Mechanics, Huazhong University of Science and Technology, Wuhan 430074, P. R. China;
2
Hubei Key Laboratory for Engineering Structural Analysis and Safety Assessment, Huazhong University of
Science and Technology, Wuhan 430074, P. R. China
(*)
Email: huhp@hust.edu.cn

ABSTRACT
As periodic composite structures, phononic crystals are employed to isolate vibration owing
to its frequency band gap. Aim to overcome some engineering challenges but without loss of
the stability, some phononic crystals were proposed with outstanding features, such as lowfrequency band gap, broad or ultra-wide band gap, band gap with tunable frequency, small
structure size, and strong attenuation.
Keywords: phononic crystal, band gap, ultra-wide, low frequency.
INTRODUCTION
As artificial periodic structures, phononic crystals (PCs) can modulate efficiently the
propagation of acoustic or elastic waves by periodic composite structures. One of the most
attractive properties of PCs is its band gaps (BGs), within which acoustic or elastic waves
cannot propagate freely without attenuation. To employ the band gap to isolate vibration,
some challenges have to be faced as follows: First one is to obtain band gaps with a low
center frequency but without loss of stability. Second one is to broaden the band gap. Third
one is achieving strong attenuation (Jiang, 2017a). Last but not least, the frequency of the
band gap can be adjusted to meet various vibration sources.
PCs with piezoelectric materials usually have another significant advantage that its BGs can
be tuned by the circuits and its parameters. The equal frequency shunting circuits were
employed to tune the resonance frequency of each circuit into the same, thus an integrating
locally resonant BG was obtained (Dai, 2015). Two kinds of equal frequency resonant shunt
circuits were designed to achieve an integrated locally resonant BG with a much smaller
transmission factor (Dai, 2016). A folding beam-type piezoelectric phononic crystal model
was proposed to isolate vibration. The folding structure extends the propagation path of
elastic waves, while its structure size remains quite small (Jiang, 2017b). An enhanced plane
wave expansion method has been proposed to solve piezoelectric phononic crystal (PPC)
connected with resonant shunting circuits (Lian, 2016). Some interesting phenomena were
found from the coupling between Bragg scattering and locally resonant of electromagnetic
oscillation (Lian, 2017).
RESULTS AND DISCUSSION
A new phononic crystal with periodic circle cavity sandwich plates was proposed. The
periodic circular cavity sandwich plates can generate several low frequency band gaps with
wide range and strong attenuation (Jiang, 2017a). A phononic crystal with an ultra-wide band
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gap was proposed, whose unit cell consists of a cross-like concave hole in the center and four
square convex holes at the corners. After optimization, an ultra-wide band gap with gap-tomidgap ratio of 156.0% was achieved, with the filling fraction keeping a relative small value.
Numerical results illustrate that the combination of convex and concave holes is a practicable
direction for structural optimization of phononic crystals exhibiting ultra-wide band gaps
(Jiang, 2018). A silicon-based cross-like holey phononic crystal strip was proposed for the
control of elastic waves. The goal was to obtain a broad bandgap at low frequencies with a
lightweight structure. After design, a gap-to-midgap ratio of 47% was obtained with an
intermediate filling fraction of the solid material and a small thickness of the strip. The band
gap could be moved to an extremely low frequency range while keeping the strip significantly
smaller than previously reported phononic crystal strips. The transmission property through a
finite number of periods agrees well with the band structure of the infinite system. The
proposed phononic crystal strip could for instance be used as an isolating anchor for elastic
wave resonators (Jiang, 2017c).
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ABSTRACT
In this paper, an innovative approach is proposed to realize a morphing material with loadbearing capability that can self-activate with temperature. In particular the material can
provide large-scale shape changes with fast response that can be induced with tuneable energy
levels. The above properties are achieved with a simple and reliable multi-scale design of the
material which leads to an effective morphing system.
Keywords: multi-stability, morphing, carbon fibre composites.
INTRODUCTION
It is well known that in multiple engineering fields structural systems encounter different
working conditions, this aspect leads to specific requirements that a traditional structure
cannot fulfill with high performance. This is why morphing materials are increasingly
becoming a key object of several research studies, thanks to their characteristics that can lead
to significant enhancement in the overall structural system. Morphing materials should have
the capability to change shape and this is achieved by exploiting different principles.
Typically, they rely on the use of shape memory polymers (Zhao, 2016), environmentsensitive (e.g. humidity, chemical agents, Ph) materials (De Haan, 2014), composite
prestressed structures allowing multiple stable configurations (Daynes, 2008) and deployable
structures with external actuators (Sickinger, 2006).
It was demonstrated that the above principles have some drawbacks. Polymer-based
approaches have a slow response and are not applicable for load bearing applications. On the
other hand, composite-based approaches have faster response, but the energy required to
change shape is generally too high for cost-effective applications. For these reasons, the focus
of this work is the study a carbon fiber composite morphing material with lower activation
energy and fast response.
Several key approaches have been proposed in the literature to exploit morphing into carbon
fiber composites (CFC). In (Tupper, 2001), the conventional epoxy resin, adopted to
manufacture the composite, was replaced by a shape memory polymer. These materials are
characterized by the capability of providing large shape changes, but, being the matrix of a
shape memory nature, the resulting composite is affected by the same limitations of shape
memory polymers.
The second approach relies on a specific cross-ply lay up of unidirectional fibers, that, thanks
to thermal effects leads to multi-stable composites (Hufenbach and Gude, 2002) that can snap
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from one configuration to the other (thus changing shape) as a consequence to an applied
external load (Hyer, 1998; Jones, 1999). Early studies on such approach were presented in
(Hyer, 1981) where a nonlinear mechanical model was proposed to evaluate the curvature of
the manufactured composite.
On the other hand, in (Schlecht, 2003; Gigliotti, 2001) a finite element approach was
proposed to evaluate the response of unsymmetric cross-ply composites with high accuracy
and especially the room-temperature configurations. The problem was also extended to
general fiber orientation and not only the 0°/90° case (Dano, 1998).
Not only cross-ply laminates were investigated, but also different fiber orientation have been
considered to derive morphing composites, that exploit residual thermal stresses to develop
multi-stability. A piecewise variation of the laminate layup sequence was investigated in
(Mattioni, 2008) via a finite element approach. On the other hand, a Rayleigh-Ritz approach
was adopted in (Mostafavi, 2016) to study the room temperature shape of multi-connected
curved laminates; the analyses revealed to be in good agreement with experimental results.
The multi-stable shell design and modeling aspects are treated in (Hamouche, 2016) to
provide general guidelines to obtain shells with prescribed stability properties.
Numerical model can hardly predict the effect of the manufacturing process and material
degradation, in fact in (Hufenbach et al., 2002) particular attention was dedicated to the
design process, while in (Gigliotti, 2003; Wisnom, 2006) the conducted experimental
campaign investigated the effect of thermal fatigue and distortion during manufacturing.
Microscopy characterization was performed to identify the material imperfections (Giddings,
2010) in order to suitably optimize the finite element modeling. On the other hand, in (Betts,
2010) an intense experimental campaign was dedicated to study the influence of
imperfections on the final cured shape of laminates.
The accuracy in evaluating the room-temperature shapes of cross-ply laminates has been
object of several studies (Eckstein, 2013; Eckstein, 2014) by taking into account dependency
on temperature of the adopted materials. Whereas, a theoretical study (Zhang, 2015)
investigated the possibility to control the deformation of bistable composites.
Recently, this concept has been expanded into active control via thermal loading to obtain
controllable stiffness epoxy composites by alternating the plies with a thermoplastic layer
(Tridech, 2013), as well as by directly coating the fibers with a thermoplastic layer before
embedding them into the hosting matrix (Tridech, 2014).
On the other hand, several studies regarded the shape change of bistable composites and the
induced snap-though (Dano, 2002; Dano, 2003; Cantera, 2015). Particular attention was
dedicated to the system required to activate the snap-through: shape-memory alloy wires in
(Hyer, 2003) and piezocomposite actuators in (Hyer, 2006; Schultz, 2006; Giddings, 2011),
were proposed.
In this paper, a novel concept is proposed to realize self-activated carbon fiber morphing
composite materials that can provide load-bearing capability and tunable mechanical
properties (stiffness). The approach relies on a simple and reliable multi-scale design of the
material which leads to an effective morphing system.

-112-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

MATERIAL CONCEPT
As illustrated in Figure 1, the shape changing capability of the material is based on its thermal
behavior: its actual shape is strictly related to the temperature. This behavior is obtained by
adopting the typical unsymmetric lay-up sequence based on multiple 0°/90° unidirectional
fiber plies. Moreover, the shape and stiffness change are considerably enhanced by adopting a
hosting matrix that exhibits elevated temperature sensitivity. In particular, the adopted carbon
fibers (T300, Torayca) have an average diameter of 7 µm and a Young’s modulus of 230 GPa,
while the matrix is a bisphenol-A based epoxy resin whose thermo-mechanical characteristics
are derived experimentally. Results are illustrated in Figure 2, where it is possible to
appreciate the high temperature sensitivity of the resin that has a glass transition temperature
Tg~72°C and above that its stiffness is almost negligible.

Fig. 1 - the shape changing capability of the material is based on its thermal behavior
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Fig. 2 - Storage and loss moduli of the adopted epoxy resin

Typically, unsymmetric cross-ply composites are characterized by the presence of
considerable internal stresses due to the interaction of adjacent layers. This interaction is
generated by the differential shrinkage in the two orthogonal direction arising in the cooling
phase of the manufacturing process. Such stresses cause a bending in the composites that
leads to a curved shape at room temperature, in particular the obtained composites show
cylindrical shapes that are multistable.
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In this paper the focus is on one of the cylindrical shapes and its shape changes with
temperature. As illustrated in Figure 1, the manufactured composite can gradually switch
from its cylindrical configuration to a perfect flat shape according to the prescribed
temperature. This is due to the fact that the internal stresses are released as temperature
increases and are then recovered with cooling.
As previously mentioned, the shape changes can be considerably enhanced by the adopted
epoxy (see Figure 2). Thus, if it is possible to actively control the material temperature, it is
possible to gradually and cyclically tune the composite properties and govern its shape.
Automatic temperature control is achieved by integrating the composite with an embedded
heating system whose performance is here investigated. In particular, heat is produced by
exploiting the Joule effect in a resistor. Such resistor consists of a simple copper wire with a
diameter of 0.1 mm that is embedded within the composite layer, as illustrated in Fig.

Fig. 3 - Integrated heating system.

The wire is coiled between two adjacent layers of the composite during the wet lay-up phase
of the manufacturing process. The wire ends are then left outside the composite and the curing
process is completed. The obtained structure is shown in the right part of Fig. The overall
length of the resistor is 4.1 m and the resulting resistance is R=9.19 Ω (copper resistivity
1.76×10-8 Ωm). A power generator is used to induce current into the resistor and thus heat the
material. In order to investigate the performance of the heating system, the obtained
temperature is monitored by a thermo-camera up to a value of T=150°C that is reached with a
current of 0.96 A (8.5 W).
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Fig. 4 - Thermal images of the heating system performance test.

The results are shown in Figure 4 where thermal images are reported together with the
corresponding maximum temperature reached by the material as the applied current is
increased. The investigations clearly show that the designed heating system not only can
accurately control the composite temperature, but also a uniform and well distributed heating
is achieved. Moreover, it is also possible to appreciate the curvature variations induced in the
material as temperature increases.
The proposed strategy represents a promising approach to develop a morphing material with
variable curvature that can actively be controlled according to prescribed inputs. In other
words, the plate is capable to switch gradually and cyclically from a curved shape to a planar
shape, by simply applying voltage within the plate, making this design interesting for
morphing applications.

STIFFNESS VARIATIONS
It is of great interest to investigate, together with the shape change, the capability of the
material to vary its stiffness to an external excitation. Here, the case of a prescribed
displacement is investigated with the help of a Dynamic Mechanical Analyzer (DMA) test
set-up that is shown in Figure 5. A square composite plate is trimmed in order to fit the
internal dimensions of the DMA furnace. The plate is simply supported in its four corners,
while the displacement is applied in the center. The DMA allows to vary the temperature
inside a controlled furnace, thus it is possible to perform mechanical tests at different
temperatures.
In particular, a displacement ramp is applied to the sample at five temperatures directly using
the DMA furnace and the force exerted by the plate is continuously measured along the
displacement path.
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Fig. 5 - DMA set up.
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Fig, 6 - Force-Displacement paths at different temperatures prescribed by DMA furnace.

The results in terms of force-displacement diagrams are illustrated in Fig, where the
displacement ramp is represented at 5 different temperature levels (25< T< 70°C). The
maximum displacement is adjusted at each temperature to avoid the instability of the
composite, since the here conducted test is intended to evaluate only the linear stiffness
variations.
As the temperature increases, the stiffness decreases, but also the shape of the structure is
changing since the curvature is decreasing. In particular, the curvature experiences a
maximum variation of 31% (see Table1 - Curvature and stiffness variations with
temperature.) above which the composite becomes almost flat, since it is approaching the
glass transition temperature of the matrix and the residual thermal stresses are negligible.
On the other hand, the linear stiffness, that is represented by the slope of the curves shown in
Fig, is considerably reducing. As illustrated in Table1 - Curvature and stiffness variations
with temperature., it is possible to appreciate its large variations: when the temperature is
around 47°C (that are obtained with a current of 0.45 A) the stiffness has already a 10%
reduction, that goes up to almost 50% at 66°C (0.57A).
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Table1 - Curvature and stiffness variations with temperature.
Temperature [°C]

26

36

47

56

66

14.67

13.83

12.78

11.83

10.14

Loss [%]

-6

-13

-19

-31

1.25

1.13

0.99

0.86

0.64

Loss [%]

-10

-21

-31

-49

Curvature [1/m]
Stiffness [N/m]

As previously mentioned, the procedure can be cyclically repeated, thus the strategy can be
suitably adopted to tune the structural stiffness and adapt its response to external excitations.
TUNING SNAP-THROUGH ENERGY
The same set up described in the previous section is adopted to investigate the snap-through
phenomenon that describes the dynamic instability taking place when the bistable composite
is forced to switch from one configuration to another.
Such aspect is investigated during unstable phenomenon (snap-through) taking place when
the material experiences the transition between its two stable configurations (Schultz M.R.
2006, Zhang Z. 2015). In this case, the prescribed displacement is increased until the plate
undergoes the snap-through. A further displacement increase is observed and allows to study
the pre- and post-instability behavior of the material.
1.6

RT
50 °C
75 °C

Force [N]

1.2

0.8

0.4

0
0

1000

2000

3000

Displacement [µm]
Fig. 7 - Force-Displacement paths with induced snap-through at different
temperatures prescribed by DMA furnace.

The results are illustrated in Figure 7: Force-Displacement paths with induced snap-through at
different temperatures prescribed by DMA furnace. where the response of the structure is
reported in terms of force-displacement diagrams at the different selected temperatures. The
black solid line represents the structure at room temperature and it is possible to observe the
onset of the snap-through when the force approaches 1.2 N; then, a sudden increase of
displacement is observed, while the force remains constant until the second configuration is
reached. At that point, the material recovers stiffness and its value is much higher than that in
the first configuration. This is mainly due to the fact that the material in this case is almost in

-117-

Topic-A: Composite and Advanced Materials

a pure tensile state. When the versus of the imposed displacement is inverted the snap-through
takes place at a much lower load level, thus a considerable hysteresis cycle is obtained.
By increasing temperature, the material loses curvature and this can be clearly identified by
the initial displacement of the force displacement cycle (blue and red lines). When the
temperature reaches 50°C (blue line), the critical load that activates the snap-through is
around 0.8 N, but the overall behavior resembles the room-temperature cycle (black line).
On the other hand, when the temperature reaches 75°C (that is higher than the polymer Tg) the
snap-through phenomenon disappears and the structure goes gradually from the first
configuration to the second.
These results imply that by heating the material, the shape change can be obtained with
different energy levels that can be actively tuned. Moreover, above a certain temperature
threshold, the change in configuration can be performed gradually without undesired (because
uncontrollable) instabilities.
FREQUENCY AND DAMPING VARIATIONS
The results illustrated in the previous sections, show that the proposed approach can well be
adopted to actively control the properties and the shape changing capability of the
manufactured morphing material. The snap-through phenomenon described in the previous
section was obtained by passively controlling the material temperature, i.e. an external
furnace was adopted.
Configuration 1

Configuration 2

Fig. 8 - The two bistable configurations of the manufactured composite at room temeprature.

Here, the self-heating composite is tested by actively controlling the material temperature
thanks to the previously described embedded heating system. The sample is fully constrained
in the center point and free vibration tests are performed. In particular, vibrations, thus the
oscillations, are induced by making the material snapping from one configuration to the other
as shown in Figure 8. It is in fact well known that once the plate changes configuration it
vibrates around the new stable configuration. This is usually an undesired phenomenon which
can hardly be controlled with conventional approaches. Here these vibrations are monitored
with the help of a scanning laser vibrometer pointed at the free corner of the plate.
The response is obtained in terms of velocity which allows to determine the actual oscillation
frequency as well as the material damping, as shown in Figure 9. The laser was directly
pointed onto the surface of the composite and no specific target was adopted, thus the
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acquired signal is affected by some noise. Despite this issue, it is clearly possible to identify
the first vibration frequency, that, for the room temperature configuration, is around 50 Hz.
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Fig. 9 - Snap-through induced oscillations in terms of velocity and corresponding frequency.

The time history signal allows also to evaluate the material damping that can be derived by
fitting the absolute-value velocity time history and evaluating the logarithmic decrement that
characterizes the decrease of the peaks.
The test is repeated at multiple input values of the current which lead to different temperature
levels ranging from room temperature to 90°C. These results are resumed in Figure 10, in
terms of frequency and identified damping as a function of temperature.
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Fig. 10 - Identified frequency and damping at different temperatures.

The results show that the material properties experience a large variation: the frequency
changes from 50 Hz to almost 30 Hz, with a maximum variation of 40%; on the other hand,
the identified damping increases from less than 0.5% at room temperature to a maximum
value of 2.5%.
This implies that by performing the shape change at higher temperatures it is possible to
reduce the activation energy, but also that the oscillations arising from the snap-through are
considerably reduced thanks to the higher damping.
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CONCLUSIONS
In this study, an innovative approach to derive morphing materials based on carbon-fiber
composites with load-bearing capability is proposed. The approach relies on an active control
of the temperature within a carefully designed material. Typically, the shape change
experienced by bistable composites is characterized by the snap-thorough which requires a
considerable high activation energy (proportional to the load-bearing capability of the
material) and, moreover, the unstable nature of the phenomenon causes unwanted oscillations.
The experimental campaign allowed to demonstrate that the proposed approach can actively
and gradually govern shape changes of a composite material and, at the same time it allows to
considerably mitigate the unwanted oscillations when this material goes from one
configuration to a new stable configuration. Mitigation of vibrations is achieved by an
increased damping capability of the material.
The active control of temperature via the application of current to the material reveals to be a
reliable method to govern the shape of multistable composites in feasible temperature ranges
(T<100°C). The results confirmed the capability of the proposed approach to govern and
optimize the shape-changing process as well as to tune the material properties as desired.
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ABSTRACT
This work aims to use the Ward Method to treat signals from the tribological parameter
monitoring through the use of a test bench to simulate contact failures in an air compressor to
create a system of detection and classification of failures, without supervision, with the use of
Kohonen Self organizing maps, applied to reliability centered maintenance on the of
electromechanical processes.
Keywords: tribology, reliability centered maintenance, signal analysis.
INTRODUCTION
Reliability-centric maintenance is one of the key methodologies applied to the concept
Industries 4.0 to maintain cost savings and product reliability in production. There are large
interest and effort in researching systems on board that integrates sensing, fault diagnosis, and
control into a single microchip (Sun, et al., 2004). This technology would be the future of
industries 4.0 with the advancement of microelectromechanical systems and uses automatic
data processing and decision making without human intervention. The use of artificial neural
networks (ANNs) has been a powerful tool in automated detection and diagnosis of machine
conditions, machining operations and industrial processes (Howard, 1994).
The use of vibration signals is common for status monitoring and diagnostics of rotating
machines. By comparing the vibration signals of a machine that works with and without
defective conditions, faults such as mass unbalance, shaft misalignment, rotor friction, gear
failure and rolling defects can be detected (Azovtsev, et al., 1996 and McCormick and Nandi,
1997). With the use of online monitoring systems, the signals can also be used to detect
incipient failures of machine components, minimizing the possibility of catastrophic risk. An
approach for identification and quantification of the characteristic features, relevant to the
bearing conditions, becomes an issue according to Shiroishi, et al. (1997). The procedures
request vibration signal multi-stage processing, high-pass or band-pass filtering,
demodulation, low-pass filtering of the demodulated signal and, at the end, processing to
extract the desired characteristic features.
The need for a reliable, fast and automated procedure of diagnostics is mandatory, although
often the visual inspection of the frequency-domain features of the vibration signals is
suitable for the identification of the faults. According to Howard (1994), artificial neural
networks (ANNs) are powerful tools in automated detection and diagnosis of machine
conditions, machining operations (Sun, et al., 2004) and industrial processes (Tarassenko,
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1998). Several RNAs use the pre-processed frequency domain resources of the measured
vibration signals to monitor the condition of the machine.
The self-organizing architectures, defined by Kohonem (1982), generate mappings of a space
of high dimension in structures whose topological dimension is inferior to the original one.
These mappings are capable of preserving the neighbor relationships of the input data. This
makes them interesting for applications in various areas of engineering, exploratory data
analysis and combinatorial optimization and signal processing.
The use of a distributed representation of prototypes (or reference vectors) in clustering issues
makes it easier to find out the intrinsic structure of the data, and it is necessary to obtain a set
of representatives and group them (or label them, after segmentation), according to some
criterion. Map post-processing methods, post-training, have been proposed, allowing the
identification of complex groupings on the map (Vesanto, 2000).
METHODOLOGY
The experimental research was based on a qualitative approach, developed in a single step. It
consists of collecting the generated signals, vibration, from a 350 Ω strain gauge and a
condenser microphone installed on the electromechanical system - an air compressor, shown
in Figure 1, performed through a data collector in a test bench.

Fig. 1 - Test bench with transducers. (a) Shows the test bench; (b) coupled microphone; (c)
the strain gauges on oil plate.

The test bench was built to accommodate the electromechanical system used in this
experiment (air compressor), the equipment for data collection, the computer to store the data
collected in specific software, the sensors used in the experiment and other measurement
devices, safety and control equipment that were necessary to carry out laboratory tests.
Four strain gauges, two 120 Ω extensometers and two 350 Ω extensometers were used to
verify, previously, the behavior, sensitivity, of the two different impedances of the
transducers, duly installed, according to the manufacturer's recommendation and technical
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literature. The strain gauges were installed in a ¼ bridge configuration, i.e., three fixed
resistors and the strain gauge as a variable resistor on the Wheatstone bridge.
The data collection equipment chosen was the Instrunet I-555, because it is ready for direct
use of several types of sensors common to signal analysis systems, such as load cells, strain
gauges, potentiometers, accelerometers, thermocouples, RTD (resistance temperature
detectors), and current and voltage measurements. It also comes with the software and all
accessories required for installation and use.
Each Instrunet network is controlled by an Instrunet i240 DSP (Digital Signal Processing)
card that connects to Windows 32bits or 64bit, Vista, 7, 8 or 10 through a high-speed USB 2.0
port at 480 mbits/s. Every i240 controller is a self-contained computer that uses a powerful
32-bit DSP processor and has on-board RAM to control all the details of data acquisition on
its own network.
Experiment Description
All experiments are performed on a time basis of 180 seconds. Twenty-eight experiments
were performed. Each experiment had 1,363,637 samples (Sample Rate x Experiment Time).
The experiments were performed with the equipment in standard operation, varying its mode
of operation (pressure variation) and introducing failure modes. The experiments were
performed twice to obtain a larger amount of data, maintaining the same time pattern for all
experiments, as listed in Table 1.
Table 1 - Description of the Experiments
Experiment

Condition / Failure Mode

01 and 02

Moto compressor Off

03 and 04

Without fan and pressure 0,0 bar

05 and 06

Without fan and pressure 2,5 bar

07

Without fan and pressure 4,5 bar

08 and 09

Normal and pressure 0.0 bar

10 and 11

Normal and pressure 2.5 bar

12 and 13

Normal and pressure 4,5 bar

14 and 15

Corrosion and pressure 0,0 bar

16 and 17

Corrosion and pressure 2.5 bar

18 and 19

Corrosion and pressure 4.5 bar

20 and 21

Internal Bearing and Bearing Fault 0.0 bar

22 and 23

Internal Bearing and Bearing Fault 2.5 bar

24 and 25

Internal Bearing and Bearing Fault 4.5 bar

26

Debris and pressure 0.0 bar

27

Debris and pressure 2,5 bar

28

Debris and pressure 5.5 bar

The tribological failure modes were introduced by exchanging the original 6202 bearing, from
the back of the electric motor (worst case - farthest from the sensors), presenting the failure
modes specified in Table1, experiments number fourteen to twenty eight. Two of these
bearing failure modes can be observed in Figure 2.
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Fig. 2 - Tribological failures in 6202 bearing. (a) Corrosion and (b) debris.

Each Experiment has 90 points. Some experiments have the same nature. The lines relate the
experiments, while the columns relate the groups that were found. Nevertheless, most of the
failures were well differentiated from the other failure modes.
Feature Extraction Method
The analysis of the signals is done through neural networks, which input vector of the
network is provided through energy profiles of harmonic and non-harmonic frequency
bandwidths obtained from the fast fourier transform (FFT) of the signal in frequency domain.
The FFT is calculated at each two-second interval, sufficient time for the engine shaft to
perform 115 rpm. At this stage, several experiments were carried out where variations were
made in the mode of operation of the equipment and known modes of failure were introduced
in the compressor to verify the effectiveness of the recognition of these faults by the chosen
monitoring method, using the system energy variation, obtained from the data generated by
the FFT, self-organizing maps and image segmentation.
The frequency spectrum chosen was 3.686 Hz (approximately half of the sampling rate 7.575,75 Hz - Nyquist-Shannon Sampling Theorem). This spectrum bandwidth covers all
tribological failures introduced into the experiment and represents 64 fundamental harmonic
frequencies of the motor shaft, whose nominal velocity is 3,450 rpm (57.5 Hz). For the
fundamental frequency and its harmonics, a frequency band range of ± 10% was defined to
specify the bandwidth that would be used to quantify the variation of the energy per band,
relative to the fundamental frequency and their harmonics.
The other bandwidths are the intervals between the fundamental frequency bands and their
harmonics. 128 frequency bandwidth energy profiles were used per transducer, sweeping the
entire spectrum mentioned. The energy of each frequency band was obtained using the
Parseval theorem and its unit is Joule (J).
The Parseval Theorem is usually written according to Eq. 1:
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   represents the normalized continuous Fourier transform and
Where
 2  is the angular speed in rad/s.
The interpretation of this form of the theorem is that the total energy of the signal can be
calculated by summing the power per sample in time or frequency domain, Eq. (2).
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where X[k] is the DFT (Discrete Fourier Transform) of x[n], both with the length of N.
In Figure 3, it is presented a general summary of the frequency spectra where it can be
observed a better resolution of the strain gauges for low frequencies.

Fig. 3 - Strain gauge frequency domain response. (a) Without motor fan; (b) regular
operation; (c) corrosion; (d) ball pass inner race failure; (e) debris.

According to the results obtained in the graphs presented in the frequency domain, it is
observed that there is difficulty in solving the failures with the types of analysis used. Much
more difficult is the classification of fault modes based on the previous observation.
Using the energy of the frequency bandwidth, as per Parseval Theorem, represented by Eq. 2,
for the frequency spectra obtained from the FFT, it can be seen in Figure 4 that all
experiments have been identified in a better way than the method used for the frequency
domain. The graphs show the curves indicating the energy in each frequency band. (X = 8 is
the energy of the 8th frequency band). This feature is of great relevance because it enables the
vector formed by the frequency bandwidth energy profiles to be a good starting data input for
the Kohonen map that will be used for the automated, unsupervised fault detection and
classification system.
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Fig. 4 - Strain gauge frequency bandwidth energy. SV25 = Without Fan 2.5 bar; NM25 = Normal operation at
2.5 bar; CR25 = Corrosion at 2.5 bar; BR25 = Rolling failure at 2.5 bar; DE25 = Debris at 2.5 bar.

Viewing and Analyzing Data Clusters Using Auto-Organized Networks
and Image Segmentation
Self-organizing maps (SOM) are algorithm trained to classify input vectors according to how
they are grouped in the input space. With the application of these algorithms in the selforganized map, the result is connected areas of neurons that identify complex (nonparametric) geometry in the input space.
The main purpose of Kohonen's self-organizing maps is to group incoming data that are
similar to each other by forming classes or clusters called clusters. In a classifier network
there is an input unit for each component of the input vector. During training the network
determines the output unit that best responds to the input vector; the weight vector for the
winning unit is adjusted according to the training algorithm. During the self-organizing
process of the map, the cluster unit whose vector of weights closest to the vector of input
patterns is chosen to be the "winner". The winning unit and its neighboring units have their
weights updated according to a rule. (Haykin, 1999).
To obtain the neurons of the Kohonem maps the input data are energy vectors, calculated by
the Parceval method starting from the strain gauge signals. The algorithm used is based on the
Python Software Foundations methodology in the toolbox "kohonen.kohonen.Map(params)".
Ward’s Agglomerative Hierarchical Clustering Method
The algorithm used to apply the Ward method to the data cluster is based on the Scipc.org
methodology in the scipy.cluster module. The input vector for the algorithm is formed by the
weights of the neurons obtained on the Kohonen map.
Performs hierarchical/agglomerative clustering on the condensed distance matrix Z. y must be
a #"$ sized vector where n is the number of original observations paired in the distance
matrix. A matrix Z is returned by  % 1. At the ' % ( iteration, clusters with
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indices )', 0 and )', 1 are combined to form cluster  , '. A cluster with an index less
than n corresponds to one of the n original observations. The distance between
clusters )', 0 and )', 1 is given by )', 2. The fourth value )', 3 represents the number
of original observations in the newly formed cluster. The following linkage methods are used
to compute the distance .,  between two clusters s and t. The algorithm begins with a
forest of clusters that have yet to be used in the hierarchy being formed. When two
clusters s and from this forest are combined into a single cluster u, s and t are removed from
the forest, and u is added to the forest. When only one cluster remains in the forest, the
algorithm stops, and this cluster becomes the root. A distance matrix is maintained at each
iteration. The ', / entry corresponds to the distance between cluster i and j in the original
forest. At each iteration the algorithm must update the distance matrix to reflect the distance
of the newly formed cluster u with the remaining clusters in the forest.
Suppose there are 0 original observations 00, . . . , 0|0| % 1 in cluster u and |v| original
objects 10, . . . , 1|1| % 1 in cluster v. Recall s and t are combined to form cluster u.
Let v be any remaining cluster in the forest that is not u. method=’ward’ uses the Ward
variance minimization algorithm. The new entry 0, 1 is computed as follows,
0, 1

|1| , |.|
|1| , ||
|1|
2
1, . ,
1,  ,
., 
3
3
3

3

where u is the newly joined cluster consisting of clusters s and t, v is an unused cluster in the
forest, 3 |1| , |.| , ||, and |∗| is the cardinality of its argument. This is also known as the
incremental algorithm.
RESULTS
The results from self organizing maps (Kohonen, 1996) are shown in Figure 5 and
summarized in Table 2. The number of segments (or clusters) is inferred by heuristic rules
and using datas of the energies vectors, calculated by the Parceval method. Segmented maps
allow sorting new samples. The method does not use class information at any point in training
or analysis (group definitions).

Fig. 5 - Results of Kohonen self-organizing maps.
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The failure monitoring system presented was far beyond the initial expectation, not only
classifying known tribological failure modes, but also modes of failure of the compressor
itself, such as the breaking of a fan and the classification of modes of operation at different
working pressures.
Table 2 - Description of the results
Region

Experiment

Condition / Failure Mode

1

01 and 02

Moto compressor Off

12

03 and 04

Without fan and pressure 0,0 bar

9

05 and 06

Without fan and pressure 2,5 bar

2

07

Without fan and pressure 4,5 bar

6

08 and 09

Normal and pressure 0.0 bar

6

10 and 11

Normal and pressure 2.5 bar

10

12 and 13

Normal and pressure 4,5 bar

7 and 8

14 and 15

Corrosion and pressure 0,0 bar

8

16 and 17

Corrosion and pressure 2.5 bar

3 and 4

18 and 19

Corrosion and pressure 4.5 bar

16

20 and 21

Internal Bearing and Bearing Fault 0.0 bar

5

22 and 23

Internal Bearing and Bearing Fault 2.5 bar

6

24 and 25

Internal Bearing and Bearing Fault 4.5 bar

13

26

Debris and pressure 0.0 bar

15

27

Debris and pressure 2,5 bar

11 and 15

28

Debris and pressure 5.5 bar

The groups formed are shown in Figure 6, which shows the formation of sixteen clusters,
based on the cut in the longest distance between groups. Within each cluster we have different
defects with similar characteristics and between the groups we verified different
characteristics for the tribological faults what are represented by the weights of the neurons.

Fig. 6 - Dendrogram from the weights of the neurons obtained on the Kohonen map.
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CONCLUSIONS
This paper shows the efficiencies the Ward Method approach in the detection and
classification of tribological faults through the use of artificial intelligence tools in the
treatment of signals using Kohonen self organizing maps techniques. Also, the choice of
using the energy profiles from the system frequency bandwidths to calculate the total energy
of the system, by the Parseval theorem, and thus permit analysis of the vibration phenomena
in the whole frequency spectrum was one the main contribution of this research.
The failure monitoring system presented was far beyond the initial expectation, not only
classifying known tribological failure modes, but also modes of failure of the compressor
itself, such as the breaking of a fan and the classification of modes of operation at different
working pressures.
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ABSTRACT
Addressed is the cruise aerodynamic performance of a Blended wing body (BWB) aircraft in
configuration with rear-mounted engines. The investigation of the BWB aerodynamic flowover has been carried out by mathematical modeling based on Navier-Stokes equations
numerical solution using a turbulence model with automatic resolution of the boundary layer.
In the adopted problem statement the Navier-Stokes equations describe the viscous heatconducting turbulent flow of a compressible medium in the region containing an aircraft of
the above-mentioned type. Boundaries are at a sufficient distance from the aircraft, so as not
to have influence on its flow-over. Computational grid consists of 10.6 million cells and
thickening occurs near solid walls for an accurate description of the boundary layer.
Keywords: Blended-Wing-Body Aircraft, aerodynamic performances, flow-over, viscous
flow, aerodynamic effectiveness

INTRODUCTION
In most work devoted to BWB investigations, the engine installed near the trailing-edge
assembly of the wing, directly on its surface, is studied. The drawback of this solution is that
the boundary layer, which builds up on the wing surface, separates across the full width of the
wing and has a vortex-type turbulent pattern. It results in heavy losses of the total pressure
and in significant nonuniformity of fluid dynamics parameters throughout the flow. When
entering the intake, the distorted flow introduces heavy distortions in the engine operation that
leads to the engine thrust decrease and fuel flow increase.
This work sets a problem of improving the aerodynamic effectiveness of the design. The
solution of this problem was obtained at certain moving of the engine nacelle away from the
wing surface (Slobodkina, 2015). The placement of the engine nacelle near the rear of the
wing surface at a specified distance between its lower point and the wing surface provides the
generation of a transonic flow in this area and forms the maximum flow uniformity at the
intake as well. This result can be explained by the fact that in this case the engine exhaust
causes an ejection effect contributing to flow scattering under the nacelle. The boundary layer
that builds up on the aircraft surface is stable, it does not separate from the surface and does
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not increase the aircraft drag coefficient. The obtained uniform flow at the intake provides the
proper engine operation in the specified mode.
If the nacelle intake is placed at a distance that is shorter than the mentioned ratio, then the
supersonic flow area appears between the wing and the intake that ends with a series of shock
waves. The interaction of these shock waves with the boundary layers on the surface of the
wing and the intake results in flow layers separation with intensive vortex generation that
leads to heavy losses of the total pressure.
In case the intake is moved away from the wing surface at a longer distance than the
mentioned one, then the intake inlet section is in the slow flow that is confirmed by
generation of a well-marked boundary layer on the intake walls. These features of flow-over
have an impact on the aircraft performances.
The key characteristic (the lift-to-drag ratio) of an aircraft is the ratio of a lift force coefficient
Су to a drag coefficient Сх which represent forces acting on the aircraft when it flies that are
related to a ram air oncoming onto the aircraft. Depending on the aircraft purpose, the value
of the lift-to-drag ratio Су/Сх of the modern aircraft reaches 14 - 15. Due to the efficient
aerodynamic configuration of the nacelles on the BWB its Су/Сх is ≥ 20.

RESULTS AND CONCLUSIONS
1. Flow-over the “Blended Wing Body” (BWB) aircraft equipped with powerplants has been
investigated at variation of the following parameters:
• angle of attack;
• spacing between the engine nacelle and the wing surface;
• consumption of suction air and location of the air suction area near the engine inlet
on the wing surface.
The investigation was carried out using mathematical simulation by integration of the
equations governing an unsteady three-dimensional turbulent air flow generated by aircraft
motion in cruising (М=0.83, Н=11km).
2. The calculation results showed that:
• the optimal angle of attack is an angle of 5 degrees;
• the optimal spacing between the engine nacelle and the wing surface is the spacing
L=0.75m = 0.39D;
• the optimal air suction area must be located ahead of the engine inlet, suction air
consumption is ~25-50 kg/s.
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3. The variation of an angle of attack led to the following conclusion:
• The Cy/Cx ratio increases 5.6 times for the engine nacelle located close to the wing
at variation of α from 2.5 up to 5 degrees, and for the engine nacelle located at
spacing L=0.75 m this ratio increases 5.8 times and reaches 20.6 that is by 10.75%
more than for the engine nacelle located close to the wing.
4. The calculations taking account of influence of suction air on the flow parametrs led to the
following conclusions:
• Air should be sucked in the boundary layer ahead of the air intake.
• In the case of an angle of attack equal to 5 degrees, for the engine nacelle located
close to the wing the Cy/Cx ratio increases by 3.2% when suction air consumption is
10 kg/s; the Cy/Cx ratio increases by 7% when suction air consumption is 25 kg/s;
the Cy/Cx ratio increases by 14% when suction air consumption is 50 kg/s and
practically reaches the value obtained for the engine nacelle located at spacing
L=0.75m, i.e. in this case Cy/Cx=21.2.
• When the angle of attack is 2.5 degrees the suction air consumption scarcely
influences the Cy/Cx value.
5. As a result of calculations it was determined that the increase in Cy/Cx ratio in all the
investigated cases is explained by considerable drop in drag under the action of the following
influences: the increase of spacing between the engine nacelle and the wing in the over-thewing configuration (up to the optimal value); the increase of α (up to the optimal value) as
well as the increase of suction air consumption up to the limiting value. The lift value varies
insignificantly at all three influences.
Then, the Cy/Cx ratio that characterizes an aircraft aerodynamic efficiency - BWB +
powerplant can be increased by two ways reaching practically the same result at α=5 degrees:
• by installation of the engine nacelle at spacing L=0.75м = 0.39D;
• by boundary layer suction near the air intake entry for the engine nacelle installed on
the wing.
In the first case there are additional problems with the BWB trim; in the second case, when
the engine nacelle is installed on the wing, the substantial energy demands are required for air
suction.

CONCLUSION
The investigation of the BWB gas-dynamic flow-over pattern has been carried out for two
configurations of the aircraft: with a powerplant consisting of two engines and with a
distributed powerplant. In both cases the powerplants are placed in the rear part. The flow in
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cruise was considered at H=11,000 m, M=0.83 and angles of attack equal to 2.5 and 5 degrees
with nacelles placement at the distances corresponding to the mentioned in (Slobodkina,
2015).
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ABSTRACT
In this paper, a time-harmonic analysis of three-dimensional linear elastic anisotropic solids is
performed using a boundary element formulation which based on the regularized
displacement boundary integral equations. Time-harmonic anisotropic elastic displacement
and traction fundamental solutions are expressed in integral form. Mixed representation of the
boundary functions and standard collocation procedure are employed for spatial
discretization. Results of the numerical experiment are provided to demonstrate the accuracy
of the presented boundary element approach.
Keywords: BEM, anisotropy, elastic solids, time-harmonic analysis, forced vibrations.
INTRODUCTION
For the three-dimensional transient dynamic or time-harmonic analysis of the practical
problems involving anisotropic materials numerical simulation is the only way to obtain
reliable results. Boundary Element Method (BEM) is a powerful and accurate numerical
method particularly well suited for the wave propagation problems. Key difficulty associated
with the implementation of the BEM to the problems of anisotropic elasticity is the lack of
closed-form Green's functions (fundamental solutions). Time-harmonic anisotropic elastic
displacement and traction fundamental solutions are expressed as a sum of static and dynamic
terms:
gij ( y − x, ω) = gijS ( y − x) + gijD ( y − x, ω),

hij ( y − x, ω) = hijS ( y − x) + hijD ( y − x, ω),
where ω is circular frequency, gij ( y − x, ω ) and hij ( y − x , ω ) are the time-harmonic
displacement and traction fundamental solution and superscripts “S” and “D” denote
corresponding static and frequency dependent terms.
For general anisotropic materials static (singular) and dynamic (regular) terms are expressed
as an integral over a unit circumference and an integral over a unit sphere (Wang, 1994),
respectively. Using the static part of the traction fundamental solution the conventional
displacement boundary integral equations are regularized as follows
S
∫ uk ( y, ω )h jk ( y − x, ω ) − uk (x, ω )h jk ( y − x)  dΓ( y ) − ∫ tk ( y, ω ) g jk ( y − x, ω )dΓ( y ) = 0, x ∈ Γ,
Γ

Γ

where u k and tk are the displacement and traction vectors, Γ is the surface of the solid under
consideration. Standard collocation procedure, with the mixed representation of the surface Γ
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and the boundary functions u k and tk , leads to a resulting system of linear algebraic
equations.
NUMERICAL EXAMPLE
Consider an anisotropic elastic solid shown in Figure 1 (Gaul, 2003). The solid is clamped at
one face and subjected to a time-harmonic traction with the amplitude t0 = −1 ⋅ 108 Pa at
another face. The displacement u1 ( 0.05, 0, x3 ) for the circular frequency ω = 50kHz is
shown in Figure 2.

displacement u1, m

Fig. 1 - Anisotropic elastic solid under a time-harmonic loading

Fig. 2 - The displacement u1 ( 0.05, 0, x3 ) for the circular frequency
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ABSTRACT
The paper presents the results of numerically modeling the dynamics of a partially saturated
porous medium. The mathematical model is based on using Terzhagi’s principle of effective
stresses and on representing the porous medium as a combination of three phases - an elastic
skeleton, a liquid and a gas. The equations of motion are written in Laplace forms for five
unknown functions - displacement of the skeleton, pore pressure of the liquid and pore
pressure of the gas. The boundary-value problem is solved using the boundary integral
equation method with a direct approach. The boundary-element methodology is implemented,
based on a regularized boundary integral equation. Generalized boundary elements are used.
A solution in time domain is obtained using the stepped method of the numerical inversion of
Laplace transform. Dynamic responses of a poroelastic prismatic body loaded by a force in
the form of Heaviside function in time domain are found.
Keywords: BEM, BIE, three-phase porous medium, dynamic behavior, time step method.
INTRODUCTION
Liquid- or gas-saturated poroelastic materials are naturally represented by soil and rock
media, oil strata and biological tissues. Research results on the propagation of waves in such
materials are of paramount practical importance for civil engineering and industry. Wave
processes in porous media are significantly affected by the presence in the pores of one or
several filling fluids, so that an elastic or viscoelastic model of the material cannot adequately
evaluate the dynamic behavior of the medium. The model of a saturated poroelastic medium
developed by Biot, based on the works by Terzhagi, accounts for the motion of the filling in
the pores and is most often used for describing multiphase poroelastic media. In this case, the
interaction of the fillings is also accounted for. In particular, when modeling a three-phase
medium, the capillary pressure is additionally considered (Li, 2013). Analysis of the wave
propagation in three-phase porous media using analytical methods is often possible only in
certain special cases and for particular types of boundary conditions. That is why such
problems are analyzed using developed numerical methods, such as the BEM (Bazhenov,
2008), (Igumnov, 2015).
RESULTS AND CONCLUSIONS
The problem of an end force acting on a 3m-long, 1m-high and 1m-wide prismatic poroelastic
body, with a rigidly fixed end, is analized. Responses of displacement u z and surface
tractions t z , caused by force F(t)=1 N/m2, are observed at the loaded and the fixed ends,
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respectively. The parameters of the porous material correspond to the parameters of a sandy
soil. The problem was analyzed using three boundary-element grids with different degrees of
spatial discretization. Two symmetry planes make it possible to analyze only a part of the
grid: one quarter of grids «a», «b» and «c» consists of 14, 56 and 126 elements, respectively.

(a)

(b)

Fig. 1 - Boundary-element solutions on the three different meshes for: (a) displacements; (b) tractions

The results of the analysis of the convergence for the grids used show that, with the increasing
number of the elements, the boundary-element solutions for the displacement and traction
acquire values close to those computed using analytical formulae (Li, 2011).
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ABSTRACT
This work presents a numerical analysis of wave propagation in a poroviscoelastic media. A
problem of a sandstone layer on a soil foundation under vertical load is considered. Sandstone
is assumed to be poroelastic, soil is assumed to be poroviscoelastic. The poroviscoelastic
formulation is treated as a combination of Biot’s theory of poroelasticity and elasticviscoelastic correspondence principle. Kelvin-Voigt model is employed to introduce
viscoelastic effects of porous material skeleton. The three dimensional boundary-value
problem in poroviscoelastic formulation is numerically solved using boundary element
method (BEM) and boundary integral equation (BIE) method. Results are obtained in Laplace
domain. Modified Durbin’s algorithm of numerical inversion of Laplace transform is used to
perform solutions in time domain.
Keywords: poroviscoelasticity, poroelasticity, viscoelasticity, boundary element method
(BEM), boundary integral equation (BIE)
INTRODUCTION
Wave propagation in composite porous materials has applications in many branches of
science and technology, such as seismic methods in the presence of sandstones and soils. The
implementation of the solid viscoelastic effects in the theory of poroelasticity was first
introduced by Biot (Biot, 1956). The viscoelastic deformations in solid skeleton of poroelastic
media may be accounted through the use of correspondence principle. 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 (Ugodchikov, 1986). A study of wave propagation in a
poroviscoelastic halfspace was previously presented by Igumnov L.A. (Igumnov, 2017).
GOVERNING EQUATION AND NUMERICAL METHOD
The set of differential equations of poroelasticity for displacements u i and pore pressure p in
Laplace domain (s - transform parameter) take the following form (Schanz, 2001):
1 
β
φ 2s

Gui, jj +  K + G u j,ij − (α − β)p ,i − s 2 (ρ − βρ f )ui = − Fi ,
p ,ii −
p − (α − β)suˆ i,i = −a
3 
sρ f
R


β=

kρ f φ 2 s 2

φ 2 s + s 2 k ( ρ a + φρ f )

,R =

φ 2K f Ks2
K f ( K s − K ) + φK s ( K s − K f )
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where G, K - material constant from elasticity, φ - porosity, k - permeability, α - Biot’s
effective stress coefficient, ρ, ρa , ρ f - bulk, apparent mass and fluid densities respectively,

Fi , a - bulk body forces per unit volume.
Poroviscoelastic solution is obtained from poroelastic solution by means of the elasticviscoelastic correspondence principle. Kelvin-Voigt model is applied to skeleton moduli:

 s
K ( s) = K 1 +  , G ( s) = G
 γ

 s
1 + γ  .



Integral representation and BIE with integral Laplace transform are used. Fundamental and
singular solutions are considered in term of singularity isolation. The numerical scheme is
based on the Green-Betty-Somilliana formula. Regularized BIE are considered in order to
introduce BE discretization (Ugodchikov, 1986). The problem is solved in Laplace domain.
Modified Durbin’s method (Durbin, 1974) is used to obtain solution in time domain.

 (F + Fl )∆ l 
f ( 0 ) ≈ ∑  l +1
 , ∆ l = ωl +1 − ωl
2π

l =1 

e α t n  F − Fl
f (t ) ≈ 2 ∑  l +1
(cos (ω l +1t ) − cos (ω l t )) + G l +1 − G l (sin (ω l +1t ) − sin (ω l t ))
πt l =1  ∆ l
∆l

n

−

−

−

−

Fl = Re f (λ + iωl ) , Fl +1 = Re f (λ + iωl +1 ) , Gl = Im f (λ + iωl ) , Gl +1 = Im f (λ + iωl +1 )








Numerical example of a sandstone layer on a soil foundation under vertical load is
considered. Viscoelastic model parameter influence on dynamic responses of boundary
functions is studied. The comparison of transient responses for displacements and pore
pressure are presented.
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ABSTRACT
In this paper, a novel procedure to analyse dynamic crack under aeroelastic loading by means
of XFEM and Doublet Lattice Method (DLM) - FEM coupling is presented. The present work
performed a new investigation on the crack propagation on the composite plate exerted by the
unsteady aerodynamic loading during the cruise speed. The study on whether the failure due
to instability, i.e., flutter, comes first or the crack propagates first until the structural failure is
focused. The flutter speed is determined, and the maximum cruise speed is assessed based on
the regulation guided by the FAR 23. The proposed method is used to solve the limitation in
XFEM within Abaqus that only general static and implicit dynamic analysis can be
performed. As the propagation of crack should be analyzed, the composite plate is assigned
based on the energy release rate (ERR) of that type of material. The influence of a crack
growth on a composite plate at cruise speed is shown in some details. Despite the fact that the
crack is propagated at this speed, with initial crack ratio of 0.25, the crack has just grown
slightly.
Keywords: flutter, composite, time-domain response, aerodynamic load, XFEM
INTRODUCTION
Flutter phenomenon always deals with the interaction between structural elasticity, inertia
forces and aerodynamics load which analyzing the failure of the structure. In general,
common know that flutter will lead to the destruction of the structure when it is excited at the
vibrational frequency. The question raises when the structure that is consists of a small
fracture (in this case crack) will show which type of failure comes first; flutter failure or the
fracture failure. Based on Wang et al. (2004), they modelled unidirectional composite plates
with the existence of crack to analyze the flutter speed.
The composite structures were analysed based on structural beam element, coupled with strip
theory for aerodynamic modelling. The flutter method implemented by Wang et al. (2004)
was based on Galerkin method. The flutter assessment on the unidirectional composite plates
with cracks has been performed by Abdullah et al. (2018) using pk- method based on FEDLM coupling. The results show a good agreement with Wang et al. (2004). Moreover,
Abdullah et al. (2008), provided an interesting insight in which the critical flutter speed may
increase due to the existence of small crack has been highlighted based on the flutter
responses and aerodynamic parameters.
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However, Wang et al., (2004) and Abdullah et al., (2008) only considered the static crack;
where the crack was assumed not propagate as the speed increases. This assumption can be
applied in that sense the material strength is very high. Theoretically, as the freestream speed
increase, the aerodynamic loads acting on the surface also increase. This phenomenon can be
seen in some of the researches such as long-span suspension bridges interaction with wind
(Zhang et al., 2002), transient load and tornado effect on buildings investigation (Sengupta et
al., 2008) and aerodynamic load control using blade on wind turbine (Theotokoglou et al.,
2014). In that sense, the aerodynamic load increment might deform the structure, and hence
trigger the crack to propagate.

FRACTURE MODELLING TECHNIQUE
Therefore, the implementation of the fracture modelling technique interacted with the
unsteady aerodynamic load is initiated herein. The fracture modelling technique presented in
this work is using a computational method called Extended Finite Element Method (XFEM).
XFEM was founded by Ted Belytschko and collaborators in 1999 (Belytschko and Black,
1999). The fracture modelling evaluation by XFEM is using the level set method. One of the
proposed techniques that can be used to model the crack propagation is by using XFEM
within Abaqus (Abdullah et al., 2017; Curiel-Sosa et al., 2018). Nevertheless, there is a
limitation in XFEM within Abaqus where only general static and implicit dynamic analysis
can be performed (Gigliotti, 2012). For this reason, an algorithm that could transform the
frequency response to time-domain should be introduced to solve this limitation.
One of the best solutions is by implementing a small gust load to the structure when the
structure is considered in flight. Nevertheless the gust deals always with an extreme flow and
cause perturbation (Tang and Dowell, 2002), the gust load implemented here should be as
lower as possible. The commercial computational software of MSC Nastran is used to model
the gust load, with time-varying. In that sense, the displacement under the aerodynamic load
can be obtained and can be expressed in a vibration equation of Fourier Series Function
(FSF).
In this paper, a novel step in assessing the crack propagation on composite plate using XFEM
coupled with aerodynamic load is presented. By implementing a small gust load to the
composite structure, the transformation from frequency response to time-domain response has
been achieved. Hence, the fracture modelling can now be performed by means of XFEM. To
the authors’ knowledge, this work is the first time the fracture mechanism has successfully
modelled using XFEM under aerodynamic load.

PROPOSE FLOWCHART
In Figure 1, the flowchart is constructed to allow the analysis using XFEM under
aerodynamic load been performed. Initially, the structure was modelled with a small crack
ratio (0.25). The normal vibration computational was performed, and the same model has
been submitted for flutter speed evaluation. Once the flutter data has been obtained, the flutter
speed was set as the maximum operating speed, which is the flight should not be exceeded.
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Fig. 1 - Propose flowchart for numerical computational of structural integrity assessment on cracked composite
plate under aeroelastic loading by means of XFEM

BENCHMARKING, SETTING UP THE CRUISE AND GUST SPEED
The composite plate in Abdullah et al. (2018) is used in the present work. The steady
aerodynamics result is used to set-up the gust speed required to provide a reasonable
displacement during the cruise speed. The cruise speed is determined based on FAR 23, in
which the flutter speed is 1.5 times the cruise speed. The flutter results by Abdullah et al.
(2018) shows the critical flutter speed around 90-108 m/s, hence 72 m/s of cruise speed is
used in the current simulation.
The lift forces are computed by 10 segments, and the forces are applied in term of pressure by
area for static analysis. To get the plate displacement varying with time, the small gust
response is plotted as presented in Figure 2.

Fig. 2 - 5 seconds gust with 0.5% of cruise speed for 0º of graphite/polyimide composite [unit: mm]
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According to the result, 5 seconds gust with 0.5% of cruise speed provided the same level of
maximum displacement with static cruise load considered at the steady aerodynamic
condition. At this condition, the load acting on the plate is the summation of the aerodynamic
load and the gust load, as follows:
567689

5#:, $ , ∆5#:< , $

Where 5#:, $ is the unsteady aerodynamic lift as a function of freestream airspeed : and
time, ∆5#:< , $ is the additional lift due to gust load at a certain speed, :< . An interested reader
on unsteady aerodynamic load for aeroelastic analysis is referred to the articles by Albano and
Rodden (1969), Ueda and Dowell (1982), the detailed computational procedure of the
aeroelastic analysis, i.e., flutter and gust load analysis, is explained in the aeroelastic guideline
by MSC Software Corporation (2009).
PRELIMINARY RESULTS ON STRUCTURAL DEFORMATION
AT CRUISE LOAD UNDER SMALL GUST
A transformation from frequency response to time-domain response has been presented in this
work by introducing a small gust load (less than 0.5% of the cruise speed) and the airspeed at
the cruise condition.
The time response of the plate with a small crack (crack ratio 0.25) under the unsteady
aerodynamic load is shown in Figure 3.

Fig. 3 - Displacement plots for 0º of graphite/polyimide composite with crack ratio 0.25 at
operational speed 72 m/s [unit: mm]

The stress tensor plots for the presented cracked composite plate are shown in Figure 4. Based
on the results, the stress at the crack tip has exceeded the maximum material stress. In this
case, the cracked composite plate should fail. However, the discussion is still ongoing since
the presented tensor plots are only displayed for a 2D plate.
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Fig. 4 - Stress tensor plots for 0º of graphite/polyimide composite with crack ratio 0.25 at
operational speed 72 m/s

APPLICATION OF XFEM TO MODEL CRACK WITH AERODYNAMIC LOAD
As the displacement varying with time plots have been obtained in the previous section, the
displacement results are integrated via a Fourier series function and expressed in a periodic
motion.

Fig. 5 - Displacement VS Time plots for boundary condition at operational speed 72 m/s [unit: mm]

As XFEM has limitations to model the crack under dynamic loading varying with time, this
study approximate the periodic function using Fourier series. Table 1 presents the
approximate parameters of the periodic function using Fourier series.
The fracture analysis results by means of XFEM are shown in Figure 5 (displacement) and
Figure 6 (strain). Based on Figure 6(a), there is no crack until it reaches time 1.313s. The
crack is detected to propagate at t = 1.313s, shown in Figure 7 and stop until t = 5s.
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Fig. 6 - Displacement load plots of fracture by means of XFEM varying with time at
72 m/s [unit: mm]

Fig. 7 - Focus view: Displacement load plots of fracture by means of XFEM varying
with time at 72 m/s, t= 1.623 [unit: mm]

The strain plots of the analysed composite plate are shown in Figure 8. In this figure, the
strain indicator shows the crack propagations until it stopped at t = 5s.

Fig. 8 - Strain plots of fracture by means of XFEM varying with time at 72 m/s
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CONCLUSION
This paper presents the new computational approach using XFEM in modelling crack
propagations under aerodynamics load. The new procedure has been successfully
implemented for a time domain analysis of unidirectional composite plate at the cruise speed
under small gust load. At the current configuration of the composite plate, it is shown that the
crack just slightly propagated at the cruise load. The current result supports, the assumption
used by Abdullah et al. (2018) in which a static crack is used to determine the flutter
boundary of the cracked composite. However, further investigation is required to obtain the
crack behavior for different configuration plates, i.e., different orientations, crack ratios and
crack locations.
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ABSTRACT
In this paper, crack behavior of an aluminum wing box under gust load is presented. The
investigated wing box is based on one of the design prototypes of a multi-purpose commuter
aircraft. The wing box has been tested experimentally for the vibration test and flutter test.
The results of both tests are applied to verify the FEM model used in the present work. The
detailed 3D FEM result is in good comparison with the experimental results. Several gust
responses are plotted with the incremental of time to observe the deflection of the wing box.
As the deflection under gust load resulting in developing the stress concentration at any
discontinuity point, the crack has been initiated. By implementing XFEM, the crack
propagations have been modelled based on the fracture toughness of the wing box material.
Keywords: gust, crack, wing box, vibration, XFEM.
INTRODUCTION
A sudden wind, called gust has widely experienced during flight. The existence of gust during
flight can cause the flying stability and reduce the flight performance. However, due to certain
geometry discontinuity, it has raised an issue of structural failure due to the gust interaction.
During a flight, the aircraft wing will experience several modes of vibration such as bending
and twisting. For instance, the deflection or torsion of the wing has triggered the stress to be
concentrated at several locations. The complexity of aircraft wing such that the concentrated
mass of engines or missiles can cause larger deflection or torsion. For example, Abdullah &
Sulaeman (2014) performed the aeroelastic tailoring on an oscillating supersonic wing with
external stores where the composite wing box skin has been implemented to replace the
conventional aluminum wing. Based on their work, the flutter speed can be increased by using
this approach even the attachment of the external stores has contributed to a larger inertia
measurement. On the event of gust loading, the same approach of aeroelastic tailoring but
considering the gust loads has been performed by Rao (1985), where the deflection of the
wing under gust loads was considered. Another optimization technique by considering gust
load can be explored in (Pettit and Grandhi, 2003).
For this reason, due to the stretching force that could lead to the crack development on the
wing box, the aeroelastic flutter modelling is performed. Hence there is an investigation that
assessed the flutter speed by varying the crack ratio (Abdullah et al., 2018). For some reasons,
taper geometry of the wing that was mostly designed to optimize the aerodynamic distribution
on the wing might cause structural discontinuities. At this point, the stress concentration will
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be higher in this area due to the existence of the discontinuity. In this recent day, the wing
geometry discontinuity could be improved by the designing a morphing wing mechanism
(Tarnowski, 2017). However, the current issue needs to clarify when most of the wing
implement sort of smart materials either to bend or twist the shape of the original wing. This
has increased the manufacturing cost since the smart materials are quite expensive and still
under development. For this reason, most of the airplane in the aviation industry is still using
the conventional cantilever wing, which sometime could lead to the wing geometry
discontinuity.
In fracture modelling approach, several numerical methods have been introduced to the world
that can predict the fracture due to the geometry discontinuity. One of the techniques is
XFEM, which has been introduced by Ted Belytschko and collaborators in 1999 (Belytschko
and Black, 1999). This technique has benefited the fracture mechanics field of study since the
structural crack propagations can be solved without continuous and require minimum
remeshing. Thus, the computational time and cost have significantly reduced. There are some
researches that revealed the fracture mechanics successfully modelled by means of XFEM,
such that delamination of composite laminates by Curiel-Sosa and Karapurath (2012),
Yazdani et al., (2016), microcracking and permeability by Grogan et al. (2015), transversal
crack and delamination of laminates by Abdullah et al. (2017) and fracture and delamination
modelling via energy release rate and interface stress by Curiel-Sosa et al. (2018).
In this paper, the gust load and wing box structural interaction study has been performed to
evaluate the crack propagations due to the wing complexity (either due to the tapered wing or
external store). To model the fracture mechanism, XFEM is used by considering the energy
release rate as the damage evolution criterion.

BENCHMARKING AND VALIDATIONS
The vibration test, flutter, and gust have been experimentally and numerically performed to
the presented wing box (Figure 1) depicts the numerical result of flutter response for the wing
box prototype developed under the joint program of Indonesian Aerospace, National Institute
of Aeronautics and Space of Indonesia and Agency for Assessment and Application of
Technology of Indonesia. The computational modal analysis of the present wing box can be
seen in (Abdurohman, 2015). The present flutter speed was performed via coupling between
finite element and doublet lattice method, well explained by MSC Software Corporation
(2009). The computational flutter speed result is compared with the experimental flutter result
done by Syamsuar et al. (2017), which shows a good agreement as in Table 1.
Table 1 - Flutter results at altitude 10000 ft
At H=10000 ft, M=0.346
Work

Stick Model (Syamsuar
et al., 2017)

Experiment (Syamsuar
et al., 2017)

Present Work

Flutter Speed

767 KTAS = 395 m/s

40 m/s with 1:10 scale

400 m/s

Resulted in true scale
flutter speed = 400m/s
Flutter Mode

Wing Torsion

Wing Torsion
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Several flutter responses using the same procedure are plotted to evaluate the effect of crack
existence. Figure 1 shows the flutter response mode, which is dominantly found to be in wing
torsion mode.

Fig. 1 - Flutter response for wing box of multi-purpose commuter aircraft

RESULTS
In this part, the gust is approximately conducted for 0.58 seconds, based on the regulation
guided by CASR Part 23 derived from FAR 23 in Civil Aviation Safety Regulation (2014) at
a break velocity, := when any disturbance such as gust encounters by the wing structure
during the flight. From the gust responses in Figure 2, the wing tip deflections data are
collected and intercorrelated using Fourier function series to form the whole time frame
deflection function. The wing tip deflection is presented in Figure 3 as the wing tip deflected
during the gust happened.

Fig. 2 - Approximate deflection correlation using Fourier function series
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Since the deflection/displacement of the tip has been connected through equations, the end
wing tip nodes are assigned to those equations as the boundary conditions. Since the boundary
conditions for each node already assigned, XFEM is used to estimate the fracture/crack
propagations location and its direction. At several time increments, the crack has emerged
near to the wing root under the aerodynamic load which is demonstrated in Figure 3.

Fig. 3 - Crack opening under aerodynamic load at t = 0.03s

Several wing skins modelled as solid elements have been removed as shown in Figure 3(b) to
display the crack development. The crack propagations at the wing root are presented in
Figure 3(c). Here, there is an inclined about 9.1° from the rear spar. The inclined crack
happened due to the dihedral angle and the taper ratio of the wing box itself. The crack stops
propagating as gust loads decrease with the time increment. Different results might be
observed for different type of wings, considering their material properties, characteristics, and
geometry.
CONCLUSION
This research presents a novel approach in predicting the crack propagations on a wing box
under aeroelastic gust load, considering the flight disobeys any safety margin when the
encounter the gust load. The crack location is successfully determined based on an advanced
computational method called XFEM based on the energy release rate. For the present wing
box, the crack propagations near to the wing root under gust load has been detected when the
stress concentration is larger than the maximum material principal of stress. In future, this
procedure might be performed to evaluate the crack emerging on composite wing box under
the gust loads.
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ABSTRACT
The axial Green function methods (AGMs) have been developed for efficient numerical
computations of the solutions of partial differential equations that come from physical
phenomena, for instance, the electric potential, the heat, the convection-diffusion, and the
flows. Recent progress in AGM enables us to calculate problems caused by the geometric
singularity and/or multi-scale of a domain. The axial lines should be refined enough to resolve
the solution near the geometric singular/extreme region of interest, and elsewhere the axial
lines are coarsely distributed. This often gives rise to the non-matching axial lines along the
interface between the extreme and the other regions. At the non-matching nodes on the
interface, we develop how to glue the solutions together across the interface numerically. On
the other hand, the stress/drag blow-up in Stokes flow is one of extreme phenomena of
interest. Here, the stress blow-ups take place between two adjacent circular bodies that are
asymptotically close. Since it is fundamental to understand singular behavior of the solution
in this case, we accurately calculate the blow-up stress between close bodies to predict how
serious it is. To do this efficiently, the AGM with refinement has to be employed. According
to our calculation, the stress blow-up becomes the reciprocal of square distance between
bodies, which is quite interesting result particularly in collision model.
Keywords: axial Green function, refinement, stress blow-up, asymptotic Stokes flow.
INTRODUCTION
By the axial Green's function, we mean that it is one-dimensional Green's function of an
ordinary differential operator defined on lines parallel to axis, belonging to the multidimensional domain. In general, the finite difference method uses this kind of lines, called the
grids, but the admissible grids in this method are so restrictive that the method cannot work
unless the domain is simple or the grids are gradually changing in space. The axial Green's
function methods (AGMs) that we have developed, work fine in arbitrary domains without
deterioration of accuracy, and furthermore they do even in randomly spacing axial lines. The
use of Green's function takes place in the boundary element (BEM) method, which can reduce
the dimension of the problem by discretizing the boundary of the domain. This is possible
only when finding the fundamental solution or Green's function of the multi-dimensional
differential operator, called partial differential operator. The BEM has been successful in
Laplace operator, Lame operator in linear elasticity, Stokes operator in fluid mechanics,
Helmholtz operator, and so on. However, if the material coefficients are functions of space
variable, then the BEM suffers from finding the multi-dimensional Green's function in the
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domain or even a fundamental solution in entire space. The advantages of AGMs are obvious
in two points: (1) Arbitrarily distributed axial lines are available, which is inconvenient in
FDMs, and (2) It is much easier than BEMs to find one-dimensional Green's functions. Based
on these facts, we are able to implant these advantages to the refinements of axial lines in
some regions of interest. The refined regions can be independently handled by using the
representation formula for the solution in terms of axial Green's functions. In this talk, using
the AGM for Stokes flow with refinement, we delve deeply into the asymptotic Stokes flow:
the stress blow-ups and the drag change in distance between two adjacent bodies.
RESULTS AND CONCLUSIONS
The two circular bodies are placed close enough. The left circular cylinder is staying while the
right is moving in the right way with unit speed as shown in Figure 1.

Fig. 1 - Pressure between asymptotically adjacent bodies

As the distance between bodies gets asymptotically smaller, the flow computation is nontrivial without refinements. The refinement works fine in a non-matching manner in
association with AGM. More on computations in asymptotic regions are preformed using this
refinement.
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ABSTRACT
This paper presents an investigation on the influence of the cold forming process parameters
on the quality of the part to be formed. The computational model of the formation process
was created in order to investigate how the quality of the part is affected by the blank holding
force, matrix radius and friction coefficient. Computational simulations based on the finite
element method (FEM) were performed and the most reasonable parameters values were
found.
Keywords: cold forming, thinning, wrinkles, springback, blank holding force.
INTRODUCTION
Manufacturing of parts by forming is a very effective process distinctive with low material
losses and very short manufacturing time as the part can be made by one press cycle. In many
cases, the thinning and possible springback determine the quality of cold formed parts. The
thinning is an important parameter affecting the strength of the part. Also, due to the
extensive thinning, the part might crack while being formed. Therefore, it is important to
determine the most suitable values of the cold forming parameters before manufacturing the
die.
Padmanabhan et al. simulated the forming process of a stainless steel cylindrical cup and
analysed the influence of three parameters on the part quality (Padmanabhan, 2007). The
analysis showed that the matrix radius has the highest influence, the second contributor was
the blank holding force and the third was the friction coefficient. The optimum process
parameters were determined based on their influence on the thickness variation at different
regions of the blank material by experimental study for AA6111 aluminium alloy
(Reddy, 2015). It was found that in this case the blank holding force has the highest influence.
A simulation of single point incremental deep drawing process for truncated pyramidal 304
stainless steel cups showed that the step depth and tool radius are highly influential in
controlling the formability of the cups (Kumar, 2016).
The objective of this paper is to determine how the quality of the part is influenced by the
blank holding force, matrix radius and friction coefficient.
SIMULATION AND RESULTS OF THE COLD FORMING PROCESS
A numerical model of the cold forming process of a cover made of stainless steel type 1.4301
for a beer barrel was created using AutoForm software. Formability of the part is shown in
Figure 1. The red coloured areas indicate possible material splits, the blue coloured - possible
wrinkles.
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Fig. 1 - Formed part

The simulation results are shown in Figure 2. The analysis showed that the minimum parts
thickness is inversely proportional to the blank holding force. The part thickness is the lowest
(0.74 mm) when the blank holding force is the highest (250 kN). The holding force does not
have such a significant influence on the wrinkles height. The possible form deviation has a
tendency to get higher when a higher blank holding force is applied.

Fig. 2 - Minimum thickness, possible form deviation and wrinkles height
depending on the blank holding force

The minimum thickness, possible form deviation and wrinkles depending on the matrix radius
are shown in Figure 3. When the matrix radius is 18 mm, these values drastically increase.
This happens because such a high matrix radius does not hold the blank properly, the wrinkles
become high and the metal bends over itself. Then the forming punch goes deeper into the
matrix and double sheet areas are formed. Therefore, the value of 18 mm is not suitable for
further usage.
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Fig. 3 - Minimum thickness, possible form deviation and wrinkles height
depending on the matrix radius

The analysis showed that both the minimum part thickness and the wrinkles height are
directly proportional to the matrix radius The possible form deviation has the lowest value
(0.84) when the matrix radius is 10 mm. The minimum thickness, possible form deviation and
wrinkles height depending on the friction coefficient are shown in Figure 4.

Fig. 4 - Minimum thickness, possible form deviation and wrinkles height
depending on the friction coefficient

The analysis showed that the minimum parts thickness is inversely proportional to the friction
coefficient. The part thickness is the lowest (0.79 mm) when the friction coefficient is the
highest (0.29). The blank holding force does not have such a significant influence on the
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wrinkle height. The lowest values of the wrinkles height are when the friction coefficient is
between 0.17-0.23. The possible form deviation has a tendency to get higher when a higher
friction coefficient is used.
CONCLUSIONS
It was found that the minimum part thickness decreases when the blank holding force is
increasing. The results suggest that the most suitable blank holding force is 90 kN as the
possible form deviation is the lowest and the minimum thickness is over 0.8 mm. The part
with the best quality parameters is produced with these parameters: the matrix radius of 10
mm; the blank holding force of 90 kN and the friction coefficient of 0.17.
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ABSTRACT
In this work, numerical models and experimental tests are performed to validate analysis
methods applied on aeronautical CFRP components. In particular, tests of a multi-stingers
panel under static compression load and a repaired spar under dynamic bending load are
reported. The FEM model are realized to reproduce the panel’s geometry and stacking
sequence, the constraints and representative loads of the component's service. Numerical
models are improved to reduce the differences between the calculated and experimental
deformations, allowing the experimental test validation. In the multi-stringer panel, the
experiences evaluate the effects of the out-plane deformations due to compression failure, the
difficulties of alignment and distribution’s load along and finally the validation of the
numerical model. While in the spar’s study, the experimental measurements confirmed the
predictions of the numerical model.
Keywords: bending test, buckling, CFRP, compression test, numerical model, multi-stringers
panel, spar.
INTRODUCTION
Numerical and experimental tools are generally used to evaluate the structural behavior of
aeronautical CFRP components. Each tool introduces specific approximation and hypothesis
to derive information about stiffness, durability and mechanical strength of structural
elements before the possibility to use it in aeronautical structures.
Numerical models are generally based on ideal geometrical configuration, ideal material
behavior and simplified constraints and loads. On the other hand, experimental tests are
affected by discrepancies between nominal and effective geometry of the test article and
introduce errors due to an uncorrected application of constraints and loads. As a result, the
structural behavior of a real component could be considered known with an acceptable
reliability level only if both numerical and experimental tools are used.
In this work, the mechanical behavior of two CFRP aeronautical structural elements has been
studied both from a numerical and experimental point of view. The result of numerical
analysis has been used to give useful indications in order to define the experimental test
procedure.
Static analysis allows performing the experimental setup and avoiding eccentric loads that
could cause component failure at lower critical load or other incorrect results.
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MATERIALS AND COMPONENTS’ GEOMETRY
The first test article that has been studied is an aeronautical multi-stringer component of
medium size (914.4 x 762 mm2) in carbon fibre laminates (Figure 1). All laminates are CFRP
laminates with different ply layers. In this component, rivets secure the ribs on the skin. The
component presents an artificial discontinuity in the form of a large cut (152.4 x 6.35 mm2)
with extremities. This artificial damage on the skin interrupts the central stringer and
simulates the presence of impact damage on the stringers area (Figure 1b).

(a)

(b)
Fig. 1 - CFRP multi-stringer component’s geometry (a) and artificial damage’s geometry (b).

The laminae are constituted by CFRP fabric with a texture such that the major mechanical
characteristics are those that are detected in the warp direction parallel. The information in
terms of material and lamina properties constituents are shown in Table 1.
Table 1 - Properties of composite parts of multi-stringer component.
Part
component

Sub-Part
component

Material

Lamina
Thickness
[mm]

N°
plies

layup

Skin

Skin Thin

IMS/977-2

0.186

20

[45/90/-45/-45/45/90/0/-45/45/0]S

Skin Big

IMS/977-2

0,186

24

[45/90/0/0/-45/-45/45/90/0/45/45/0]S

Stringer

IMS/977-2

0.186

12

[45/90/0/0/-45/0]S

Rib

HTA/977-2

0.208

12

[45/0/-45/90/45/0]S

The second component is a spar (1044 mm length) with a double-T section in composite
material having upper and lower skins co-cured thereon and represents the rear spar of a
horizontal stabilizer of an aircraft. The spar material is CFRP composite constituted of two
parts, the skin and the web (Figure 2). The web part is built with 20 plies (lamina thickness of
0.178 mm) and total thickness of 3.56 mm. The skin part is realized with 10 plies (lamina
thickness of 0.178 mm) and 50 additional plies (lamina thickness of 0.172 mm) for a total
thickness of 10.4 mm.
The structure presents on the core a hole of about 10 cm in diameter on whose edge a scarfing
and hot bond technique is provided to restore the structural integrity of the part. This
technique is based on the application of a certain number of sub-laminates (called patches)
polymerized and subsequently superimposed on the part to be repaired, interposing layers of
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adhesive. In this way it is possible to make the sub-laminates adhere perfectly to the
component profile without giving rise to high internal stresses. In the case of composite
materials, unlike metals, they are applied with bevel joining techniques, minimizing the
increase in thickness and allowing a uniform distribution of shear stress in the adhesive.
Figure 2 shows the component’s geometry and its parts.

(a)

(b)

Fig. 2 - CFRP aeronautical spar’s geometry (a) and component’s geometry (b).

This structural component is equipped with aluminium supports (employing to support the
spar during the loading phase). The information in terms of material and lamina properties
constituents are shown in Table 2.
Table 2 - Properties of composite parts of aeronautical spar.
Part component
Skin
Web

Sub-Part component

Material

Lamina Thickness [mm]

N° plies

Skin Thin

IMS/977-2

0.178

10

Skin Big

IMS/977-2

0.172

50

IMS/977-2

0.178

10

EXPERIMENTAL SETUP AND METHODS
The execution of the experimental tests on this aeronautical components involves the use of a
machine capable of exerting very large forces, safely, to bring the multi-stringer component to
the crisis due to instability of equilibrium. The experimental campaign was conducted at the
EMILIA laboratory of Università del Salento using a base frame and two large cubic
structures to constraint the components and a hydraulic actuator driven by a closed loop
controller to apply the load.
The base (Figure 3a) is essentially a grid of beams with plan dimensions of 5m x 9m,
consisting of beams of the HEB 300 series provided with holes for fixing the accessories to
perform mechanical tests. Two modular test benches (2x2 m2 and height 1.2m) are used to
hold the test article and the actuator. The cubic benches are obtained by assembling five steel
plates of appropriate size that have a thickness of 150 mm; the benches are equipped with
inverted T-slots on each face specially designed for attaching specimens, accessories and
actuators.
In these specific tests, the load application is obtained through MTS 244 series hydraulic
actuators (Figure 3b), that develop a maximum force of 500 kN (in traction and compression)
and a stroke of 500 mm. The actuator is equipped with a load cell such that it is possible to
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perform both displacement and force control tests. Digital controller is a MTS Flextest100
having the possibility to control up to 8 actuators.
In Figure 4a there is a demonstration configuration of the structure on which the two large
components have been fixed to be tested simultaneously, while the Figure 4b shows the test
control area in the laboratory EMILIA. Figure 5 shows the laboratory EMILIA with test setup
of two components.

(a)

(b)
Fig. 3 - Base frame’s geometry (a) and MTS Hydraulic Actuator (b).

(a)

(b)
Fig. 4 -Test facility configuration (a) and test control area of laboratory (b).

Fig. 5 - Experimental setup in the Laboratory EMILIA.
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The assembly of the several components on the test machine requires the presence of
dedicated structures allowing replicating, as closely as possible, the constraint conditions that
exist on the actual multi-stringer component and reproducing the geometric and structural
continuity of the surrounding structure.
For the specific test multi-stringer component, anti-buckling guides have been used on the
side edges to reproduce the continuity of material that would exist in the original structure. In
this way, the local instability of the multi-stringer component near the notch is highlighted.
These guides are coated in Teflon to prevent the surface of the multi-stringer component
encounters some type of resistance during the loading phase.
In Figure 6a, the anti-buckling guides are placed both below and above the multi-stringer
component. Figure 6b shows the positioning of the multi-stringer component on the guides.

(a)

(b)

Fig. 6 - Alignment of supporting multi-stringer component guides (a) and positioning of the multi-stringer
component on the guides (b).

The spar will be subjected to a fatigue load; the tests are performed to predict the static and
dynamic behaviour of a composite repaired spar representative of an aeronautical stabilizer
(Megson, 1999). In this work, a static preliminary test is carried out in order to verify the
correct application of load and constraints to the test article.
The spar is fixed at one extremity and transversally pin-loaded at the other extremity
obtaining a bending load. A rigid metallic structure is used to avoid local buckling
phenomena at the spar middle length (Figure 7).

(a)

(b)
Fig. 7 - Spar positioning on cubic benches structure (a) and anti-buckling structural setup (b).
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The arrangement of some strain gauges and rosettes in selected points of the two-test article
allows the verification of the correct application of the load and the evaluation of the resulting
strain state, which can be compared to the numerical one.
The multi-stringer component has been equipped with 80 strain gauges, in order to monitor
the test and to check the load the alignment. The Figures 8 and 9 show views and maps of the
multi-stringer component fully instrumented and ready for the tests.

(a)

(b)

Fig. 8 - Front view (a) and strain gauges map (b) of fully instrumented multi-stringer component.

(a)

(b)

Fig. 9 - Back view (a) and strain gauges map (b) of fully instrumented multi-stringer component.

Starting from the same consideration, the spar component has been equipped with 32 strain
gauges and 10 rosettes (with grids at 0 ° / 45 ° / 90 °), as illustrated in Figure 10.
The Figure 11 shows the final layout used for the compression test on the CFRP multistringer component and for the static load test on CFRP aeronautical spar. These preliminary
static tests were carried out with compression load of 50 kN on the multi-stringer component
and of tension-compression load of 5 kN on the spar, in prevision of future buckling analysis
on multi-stringer and fatigue study on the spar.
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(a)

(b)
Fig. 10 - Front view (a) and strain gauges map (b) of fully instrumented aeronautical spar.

(a)

(b)

Fig. 11 - Final layout of the multi-stringer component compression test (a) and of static spar test
with the anti-buckling structure (b).

FINITE ELEMENT ANALYSIS
Numerical analysis of components was carried out with ANSYS 16.2 Mechanical APDL; in
some work phases, Matlab was also used. The modelling of completely multi-stringer
component was carried out (Figure 12) to evaluate deformation of different points of both
skin and stringers after the buckling analysis, because equilibrium instability not necessary
involves a symmetrical deformed configuration.
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The main material of the multi-stringer component is the laminate CFRP, with oriented
appropriately different laminae to achieve the required strength and stiffness, while the rivets
are made of titanium alloy. The rivet is modelled with a Beam188 element and the skin, ribs
and stringer with Shell281 element. The local buckling phenomenon is then analysed,
identifying the first critical load causes the multi-stringer component failure and studying the
deformation modes. The deformation analysis was carried out applying a compression load of
50 kN. In the following Figures 13 and 14, the deformation maps along the load axis (X-axis)
and normal load plane (Z-axis) are shown.
The damage in aeronautical structures can reduce mechanical strength and stiffness of the
components’ material (Mallick, 1993). In particular, the compressive stresses can lead to a
state of instability of the condition buckling in the structure itself (Singer et al., 2002).
Therefore, a linear elastic buckling analysis was carried out. The displacement map of the
multi-stringer component subjected to equilibrium instability, shows that the constraints’
application reproduces buckling phenomenon localization, with an evident leaking of the
original plane skin (Figure 15a).

(a)

(b)
Fig. 12 - Front view of model’s geometry (a) and modelling with applied constrains and loads (b).

Fig. 13 - Deformation maps along X (longitudinal) direction for test load of 50 kN.
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Fig. 14 - Deformation maps along Z (normal load plane) direction for test load of 50 kN.

(a)

(b)

Fig. 15 -Side view of the displacement map (a) and orthogonal view of displacement map in the multi-stringer
component’s plane (b).

The second numerical model was realized to predict the static and dynamic behaviour of the
spar representative of an aeronautical stabilizer (Megson, 1999). The spar repair is neglected
for the numerical model, which is not relevant in order to determine the global behaviour of
the test article. Numerical model is built with Shell281 elements (Figure 16). The static
analysis is realized applying loads and constrains on the numerical model to simulate the real
bending load condition during the life service.

Fig. 16 - Numerical discretization modelling of CFRP spar.

-173-

Topic-B: Computational Mechanics

The deformation analysis was carried out with a bending static load of 5 kN (Figure 17a).
After the general postprocessor and the evaluation results FEM analysis, these results are
compared with experimental data. The spar model is inflected and deformed into XY
deflection plane.
We observed that the most stressed nodes are always near the hole zone and into the section
variation area. Figure 18 represents the deformations contour plot along X in and along Y
(load direction) axes.

(a)

(b)
Fig. 17 - Deformed spar geometry along Y-axis of load application

(a)

(b)
Fig. 18 - Deformation maps along X-axis direction (a) and Y-axis of load application (b).

EXPERIMENTAL RESULTS AND DISCUSSION
The post-processing allows interpreting and evaluates the experimental and numerical
procedure in these test cases of aeronautical components. The result shows differences in the
values of the deformations calculated by the numerical model and the measured deformations.
These results depend on the real transmission mode of loads from the actuator to the
composite, on the conditions of blocking the opposite side to the load side and from the effect
produced by specific anti-buckling guides.
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Multi-stringer panel was subjected to a static compressive load up to 50 kN in load control.
During the loading phase, strain measurements are recorded obtaining the behaviour reported
in Figure 19. The strain behaviour recorded at the different locations allows verifying the
correct application of the load and the uniformity of the applied stress state. The test
configuration was therefore verified and suitable for the execution of the destructive test in a
second moment.

Fig. 19 - Deformation load curves at different location on back side of multi-stringer component.

Aeronautical spar was loaded up to 5 kN in load control in both direction in order to verify the
correct application of the load prior to start the fatigue test. The measured strains are reported
in Figure 20 and are coherent with the predicted one.
CONCLUSIONS
The mechanical behavior of two aeronautical components was evaluated using numerical
models and experimental test. Numerical models have been realized in order to predict the
strain distribution and used as reference for the subsequent experimental tests. These results
allowed the improvement of the numerical model in order to reduce the differences between
calculated and measured deformations, in order to allow the validation of the same through
the use of experimental tests.
From the comparison, the experimental measurements were found in good agreement with the
predictions of the numerical model, highlighting on the one hand the reliability of the
modeling to the finite elements and on the other hand the accuracy of the experimental
measurements.
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Fig. 20 - Deformation load curves at different location on skin part of spar.
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ABSTRACT
Calculation of the time course and speed of the oscillation motion dampened by centripetal
force typically represented by sliding friction is rather complicated mathematical task, which
is unnecessary to solve repeatedly for individual stages of the given oscillations until they are
completely subdued. The fact that said damping friction force changes its direction of action
depending on the direction of movement of the mechanism considerably complicates given
solution. To solve the motion equation of such a mechanism, the mathematical software
MAPLE using the SIGNUM function is being used.
Keywords: damped oscillations, sliding (Coulomb) friction, Karakuri, trolley, mechanism,
MAPLE software.
INTRODUCTION
The matter of calculating oscillations with constant (Coulomb) friction is not too widespread
in practise, in contrast to oscillations attenuated by linear (viscous) damping proportional to
the first power velocity. With the need for a solution of this type of oscillatory motion we
encounter during the design of Karakuri spring mechanisms, which are a perspective solution
of differently usable structures capable of its function with the need of minimal supply of
external energy, they are working in a so called energy mode. Karakuri mechanisms use their
basic physical phenomena such a gravity, magnetism, or energy accumulation into
mechanical springs. A spring system that accumulates a portion of the potential energy of the
transported body to be later re-used for reverse movement acts as typical oscillator dampened
by sliding friction. For this reason, a new calculation method of such mechanism motion
equations will be introduced.
RESULTS AND CONCLUSIONS
The use of the signum function in the differential motion equation has been verified on
calculations of dynamic behaviour of the trolley for transport of object between two points
designed according to Figure 1.
The motion equation of tested Karakuri mechanism (Figure 1) was defined based on (Brat,
1988):
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The newly modified (1) by usage of sign function for possibility to be simply calculated by
the mathematic software:
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Results of equation (2) were solved by using mathematical software with graphical output
(Maple, 2014).
The solution of the travelled paths (distance) and the speed depending on time as per:

(a)

(b)

(a)

Fig. 1 - 0Experimental Karakuri trolley

(b)

Fig. 2 - Graph of distance and velocity over time

The graph in Figure 2 - moving distance (a) and velocity (b) over time - corresponds to the
course of the given parameters measured on the real model.
REFERENCES
[1] Brat V, Brousil, J. Dynamika (in Czech). Czech Technical Univerzity, Prague, 1988. pp.
79-81.
[2] Maple Users Manual. 2014. https://www.maplesoft.com/documentation_center/maple18/
usermanual.pdf. Web 2. 5 2015.

-178-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7246

SIMULATION OF A VIBRATORY SYSTEM WITH SHAPE MEMORY
ALLOY UNDER ROTATING UNBALANCE EXCITATION
Michel Antonio da Silva1(*), Vinicius Piccirillo2, Carlos Alberto Rodrigues Andrade3
1
School of Technology and Management (ESTiG), Polytechnic Institute of Bragança, Bragança, Portugal
2
Academic Department of Mathematics, Federal University of Technology- Paraná, Ponta Grossa, Brazil
3
School of Technology and Management (ESTiG), Polytechnic Institute of Bragança, Bragança, Portugal
(*)
Email: michel_rp_15@hotmail.com

ABSTRACT
This paper presents a numerical simulation of the non-linear dynamic presented by a
mechanical vibratory system (MVS) under rotating unbalance and dumped by shape memory
alloy (SMA). To do so, a Matlab code was used to solve the respective equations. The results
made clear the dissipative capability of this material due its hysteretic behavior.
Keywords: shape memory alloys, rotating unbalance, vibration.
INTRODUCTION
Though structural integrity is a major request in civil engineering, the exact time prediction of
a component catastrophic fracture remains as one of the oldest unsolved mystery for largescale engineering structures building and design (Radu, Sedmak, and Băncilă, 2017)
(Beaumont and Soutis, 2016). Because of this, even the wind force, seemingly harmless, has
been causing many failures of metallic structures due to fatigue (Klinger, 2014). However,
this problem is not particular to huge metallic constructions. Namely, unbalanced masses is
very common in rotating machinery and may lead any structure to high vibration levels,
which make them prone to fatigue-failure (Morais, Der Hagopian, Steffen, and Mahfoud,
2013) (Mršnik, Slavič, and Boltežar, 2017). A way to dissipate mechanical vibrational energy
is the use of the hysteretic stress- strain behavior presented by SMA (Pinto, 2011). On the
other hand, the non-linearity promoted in the system by theses alloys becomes a critical part
for computational mechanics (Michel, Piccirillo, and Andrade, 2017). Thus, the present paper
exhibit a theoretical numerical study of a MVS under rotating unbalance dumped by SMA (its
features are exposed on Table 1). To do so, a unidirectional single degree of freedom
approximation, as well as the material properties and model proposed by Brinson (1993) were
used.
Table 1 - Features of the mechanical vibratory system
m
(Kg)
0.3

r
(m)
0.32

ω
(RPM)
1000

ASMA
(mm2)
2.5

C
(Nsm-1)
36

M
(Kg)
27

LSMA
(m)
0.55

T
(°C)
61

g
(ms-2)
9.8

RESULTS AND CONCLUSIONS
Figure 1 shows two distinct results. The picture on the left side represents the stress-strain
behaviour of the SMA; the lower region (compressive field) was greater than the upper one
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(tensile), because the mass of the system worked as an initial load on the material and made it
behaves anisotropically, which would not happen for a linear material. Simply put, the SMA
component deformed more while forced downwards. The right graph exhibits a comparison
between the SMA’s strain and the strain expected for a linear material having Young's
Modulus equal to 67 GPa under the same conditions.

Fig. 1 - SMA's stress-strain behavior (left) and strain profile for SMA and linear material (right)
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ABSTRACT
Absorption of seismic energy in fractured porous fluid-saturated media is of great interest in
modern geophysics. One of mechanisms causing attenuation is the wave-induced flow
(WIFF), which appears between fracture-filling material and between connected fractures.
Thus, seismic attenuation estimations may serve to detect fractured fluid-filled highly
permeable reservoirs. Previous study of this mechanism mostly involve quasi-static tests, or
numerical wave propagation modeling with relatively simple fracture models, so further
analysis of seismic attenuation on more complex systems of connected fractures is needed.
Keywords: wave-induced fluid flow, poroelasticity, Biot model, seismic attenuation, wave
propagation, discrete fracture network.
INTRODUCTION
One of the most rapidly developed direction of modern digital rock physics is wave-induced
fluid flow in fractured porous fluid-saturated rocks. Resent study of this attenuation
mechanism involves theoretical investigations (Guo, 2017) as well as several numerical
techniques, including numerical analysis based on quasi-static oscillatory tests (Rubino, 2014)
and full waveform simulation (Novikov, 2017). One of the principal interests of waveinduced flow study is estimation of correlation between fractures connectivity and frequencydependent anisotropy at the wavelength scale in seismic and acoustic frequency band.
However, most studies apply quite simple models of fractured media, for example, ones with
two sets of aligned, and each fracture of one set have at least one intersection with fracture
from other set. Unfortunately, inter-fracture connectivity in such medium is local, and there is
no mesoscale percolating systems formed. The only known attempt to use a more complex
models was reported in (Nunziker, 2018), where authors considered uniform distribution of
the fracture orientation and studied dependence of the attenuation on the fractures length and
number of intersections.
In our paper, we first generate fractured media models with simulated annealing technique,
where we include percolation in functional under maximization. We consider starting model
with two sets of microscale fractures orthogonal to each other and distributed uniformly in
domain. Then we apply simulating annealing to form mesoscale fractures clusters with
prescribed percolation length. Next, we use models obtained on different percolation stages
for statistical analysis of their mesoscale geometrical properties. Finally, we perform wave
propagation through fluid-filled porous fractured domain and use resulting wavefields to
estimate seismic attenuation caused by wave-induced fluid flow. Results show that mesoscale
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structure of fractured media plays key role in seismic attenuation, when original microscale
fractures mostly affect scattering.
FRACTURE NETWORK GENERATION
In our study, we consider fractured models containing two sets of aligned fractures, oriented
parallel and perpendicular to the wave propagation direction, i.e. at 0 and 90 degrees to
horizontal axis. Fractures are presented by rectangles with the length of 30 mm and width of 4
mm. Starting model is uniformly distributed fractures. Then we use simulated annealing to
generate models with increasing the probability of percolation within arbitrary 250x250 mm
window in all fractured domain (also called connectivity index) (Xu, 2006). Figure 1
demonstrates several fractured models with different values of this probability (“stages”),
increasing linearly with equal step. In total, we generated 10 realizations consisting of 6
different stages.

Fig. 1 - Fragments of fractured domain models. Percolation increases from left to right.

Fig. 2 - Statistical parameters of the meso-scale structures in following order: number of branches oriented at
particular direction, mean length of the branches in cm, mean distance between the branch endpoints in cm,
mean tortuosity, mean integral curvature with respect to branch orientation. Colors correspond to different
percolation stages in the descending order: black, blue, green, red, yellow, pink.
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Next, we perform geometrical and topological analysis to investigate models structure. In
particular, we construct medial axis for fractures set, represented as graph, and divide it into a
set of branches connecting its nodes. This technique was implemented on all generated
models to estimate distribution of average number of branches, length, tortuosity and
curvature in dependence of branch orientation. Results are presented in Figure 2.
One can see that most branches are oriented along axis directions in correspondence with
orientation of original small-scale fractures. However, statistical analysis for branches lengths
and distances between branches endpoints show that the biggest branches are aligned at the
angle of +/- 45 degrees to axis. Thus, we can conclude that this is the main directions, in
which percolation is delivered. Also note, that quantitatively geometrical parameters are
sufficiently different at the low-percolation stages, whereas geometrical structure are weakly
varies where percolation is quite high.

WAVE PROPAGATION MODELLING
To investigate fracture systems connectivity effect on attenuation of propagating seismic
wave, we numerically solve dynamic Biot equations (Biot, 1956a; Biot, 1956b) using explicit
staggered grid second-order finite-difference scheme (Masson, 2006; Masson, 2007; Masson,
2010; Carcione, 2010). To account for the model inhomogeneity we use the modification of
the f-d scheme coefficients, based on the balance technique (Moczo, 2002; Lisitsa, 2002;
Vishnevsky, 2014). We admit that the full-scale seismic modelling and more complex fracture
systems would require the use of the advanced numerical approaches such as discontinuous
Galerkin method (Lisitsa, 2016) or local time-space mesh refinement (Kostin, 2015; Lisitsa,
2012) or their combination. However, in this paper we study wave propagation at sonic scale,
i.e. with the wavelength comparable with the fracture size, thus standard finite difference
scheme. We use generated fractured models and consider background and fracture-filled
materials to be fluid-filled porous media. Background have permeability 10-13 m2 while for
fracture-filling material it is 10-9 m2 . The other parameters are provided in table 1, and they
coincide with those used in (Novikov, 2017).
We considered the computational domain as a rectangle with fractured section, schematically
demonstrated in Figure 3. We establish periodic boundary conditions at the top and bottom of
the domain, while at right and left sides we construct perfectly matched layers to get rid of
reflections from these boundaries. Propagating wave is plane and presented by Ricker
wavelet. Wave propagates from the source line and we record signals at the two receiver lines
in front of and behind fractured section. Simulations were performed for 10 central
frequencies from 1 to 10 kHz for all 10 realizations with 6 stages each.

Fig. 3 - Schematic illustration of the computational domain. Red line corresponds to the source positions,
green lines represent the receiver positions.
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Table 1 - Material properties
Mineral phase

Bulk modulus [GPa]

Shear modulus [GPa]

Density [kg/m3]

37

44

2650

Porosity

Dry properties of the fracture model
Fracture

0.02

0.01

0.5

Background

26

31

0.1

Bulk modulus [GPa]

Viscosity [Pa s]

Density [kg/m3]

2.25

1090

0.001

Fluid properties

RESULTS
Figure 4 shows resulting fluid pressure fields for different percolation stages with central
frequency of input signal equal to 3 kHz. In all cases permeability contrast causes fluid flow
between background and fracture-filling material, but its intensity clearly depends on fracture
connectivity. We can see that attenuation of seismic energy grows with connectivity increase.
Moreover, increase of connectivity causes higher pressure gradients between fractures and
background, which result in stronger fracture-to-background fluid flow, thus, more intense
attenuation of propagating seismic waves. Also note, that in domains with highly connected
fractures pressure is high in fracture material, where fluid mobility due to material
permeability is enough for pressure to distribute freely, causing fracture-to-fracture flows
within mesoscale fracture clusters.

Fig. 4 - Fragments of the models for different percolation stages (left) and corresponding snapshots illustrating
fluid pressure for different stages of fracture connectivity

Each realization and averaged signals recorded at receiver lines for different connectivity
stages are presented in Figure 5 to demonstrate the effect of dispersion and attenuation
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increase for highly connected structures. Note, that realizations are close enough to each
other, so our domain sizes for numerical experiments are quite representative. It is again
clearly seen, that higher connectivity leads to much stronger attenuation, especially in
compare with almost nonintersecting fractures set.

Fig. 5 - Signals recorded at two receiver arrays blue lines represent signal before interaction with fractures,
red lines correspond to the signal after interaction with fractures. Connectivity of the structures decreases
from the left to the right.

Fig. 6 - Inverse quality factor with respect to frequency. Different colors correspond to different connectivity
stages of the models. Connectivity decreases from black to pink. Thick lines correspond to average over
realizations, thin lines represent estimation for single realization. Dashed lines represent theoretical estimates
of the attenuation due to the scattering.

We use obtained signals to estimate frequency-dependent attenuation by applying the spectral
ratio technique. With this technique, we can estimate attenuation and velocity within the
range of frequencies of about [0.5ν 0 , 2v0 ] , where v0 is a central frequency of the wavelet,
-185-

Topic-B: Computational Mechanics

which lets us cover frequency band from 1 to 10 kHz. Resulting set of frequency-dependent
inversed quality factor values for different realizations in considered frequency range is
showed in Figure 6. One can see, that increase in connectivity, thus in average length of
structures, leads to higher attenuation. However, more sufficient changes in the attenuation
occur, when connectivity is relatively small. For the highly percolated models difference in
attenuation is lower. Thus relative changes of average structure influence are more intensive
when original structures are small.
Besides, we obtained theoretical estimations for attenuation due to scattering using technique
presented in (Rytov, 1988). Results are also shown in Figure 6. These estimations have a good
correlation with results of numerical experiments and demonstrate that at high frequency
range scattering is dominant.

CONCLUSION
In our paper, we described the approach to generate complex fractured models containing
mesoscopic structures with prescribed percolation. Simulated annealing technique was used to
establish percolation level in the model. Six sets of models with different connectivity index
were generated. We applied numerical geometry techniques to construct medial axis of
fractures set and estimated distribution of its average geometrical properties. Results showed
that, although most branches oriented in directions of small-scale structures, branches
defining percolation length are oriented along +/-45 degrees. One important note is that at
high connectivity length of branches almost not changes compared to one at relatively low
fracture connectivity.
Several wave propagation numerical experiments were performed to estimate the attenuation
of seismic wave in fractured porous fluid-filled media and influence of fracture connectivity
on attenuation and dispersion. Numerical simulation results and theoretical predictions both
illustrate that the main parameter causing attenuation due to wave-induced fluid flow as well
as due to scattering is mesoscale structure size. Compared with statistical analysis, results
showed great correlation between branches length and attenuation of seismic wave. Presented
snapshots showed, that growth of structure length causes increasing of pressure gradients
between background and fracture material, thus the attenuation due to fracture-to-background
fluid flow, and illustrated presence of fluid flow between connected fractures. Further
investigations of relations between geometrical structure of fracture system and percolation
are needed to be done to make considered seismic attenuation approaches applicable to the
transport properties analysis for fractured reservoirs.
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ABSTRACT
Every year oil companies experience defects in pipes mainly due to corrosion, which results in
metal losses. These defects appear in different forms and shapes along longitudinal, transverse
and inclined axes depending on the corrosion pattern. These metal losses defects changes the
way these pipes interact under given operational environment. One of the most critical
parameter, which gets altered due to these defects, is the ‘Burst Pressure’. A priori estimate of
the burst pressure under different size and type of defects is necessary to determine the remaining
life of the pipe. Hence, the aim of this study is to develop a testing procedure for defected
pipelines. The paper main objective is to design and perform burst test on artificially defected
pipes. The test specimen consists of the pipe segment, end flanges, and machined defects.
Following the design of the test specimen, the test procedure is to be defined and tested.
Keywords: burst test, burst pressure, defected pipes.
INTRODUCTION
Every year, petroleum companies experiences defects in pipes mainly due to corrosion, which
results in metal losses. These defects appear in different forms and shapes along longitudinal,
transverse and inclined axes depending on the corrosion pattern. These metal losses defects
changes the way these pipes interact under given operational environment. One of the most
critical parameter, which gets altered due to these defects, is the ‘Burst Pressure’. A priori
estimate of the burst pressure under different size and type of defects is necessary to
determine the remaining life of the pipe. Hence, the aim of this study is to design and perform
burst test on artificially defected pipes (mainly corrosion metal loss defects). By this we are
going to optimize our integrity assessment; which will be reflected immediately to our repairs
and the cost of such repairs will be optimized as well. Burst pressure of defected pipes has
been studied extensively over the past 30 years (Kiefner, 1990; Chouchaoui, 1996; Netto,
2007; Belachew, 2011; Hosseini, 2013; Abdalla Filho, 2014). Toward achieving the goals set
for this study, it is required to do mechanical characterization for the tested materials.
Following the material characterization, the study proceeded to prepare for the burst test. The
test specimen consists of the pipe segment, end flanges, and machined defects. Following the
design of the test specimen, the test procedure is to be defined and tested.
BURST TEST
Each test specimen consists of 1.8 meter long pipe welded to 50 mm thick flanges made from
carbon steel (see Figure 1 next page). Two holes were drilled on one flange to provide the
fittings for the pump hose and the pressure sensor. Another pressure senor is installed on the
second flange to be used as a backup and to ensure the accurate reading of the pressure. The
defects were machined at the center of the pipe.
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Fig. 1 - The schematic and actual burst test specimen

Figure 2 below shows the schematic diagram of the test assembly. The test setup mainly
consists of test specimen, hydraulic pressure pump, strain and pressure gauges, and data
logger. It must be noted that strain gauges are used only in selected tests.
1) Hydraulic Pump
2) Pipe Connection
3) One way valve
4) Coupling
5) Pump End Flange
6) Welded Section
7) Steel Pipe
8) Defect
9) Strain Gauges
10) Stands
11) Pressure Gauges
12) Rear End Flange
13) Electrical Wiring
14) Data Logger
15) PC
Fig. 2 - Burst test setup
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ABSTRACT
The elastic properties of new polyurea elastomers with different segmental molecular weight
have been studied in order to observe their mechanical behavior and to find a constitutive
model that properly describes it. These new polyurea elastomers are polymers composed of
hard and soft segments due to the variation in the segmental molecular weight and the degree
of polymerization of the end group.
Keywords: mechanical analysis, stress-strain behaviour, new polyureas elastomer, rubber.
INTRODUCTION
Elastomeric polyurea materials can be found in several day-to-day applications (Hergenrother,
1994). In many applications, elastomeric components are subjected to cyclic deformation
and/or multiaxial stress states. This work is concerned with the mechanical evaluation of new
polyurea elastomers composed by hard (HS) and soft segments (SS) arisen from the variation
in the segmental molecular weight and the degree of polymerization of the end group
(Sanchez-Ferrer, 2015).
Herein, stress-strain tensile tests and constitutive models capturing the major features of the
stress-strain behavior of new polyurea elastomers, including nonlinear hyperelastic behavior,
time dependence, hysteresis, and softening, are presented.
RESULTS AND CONCLUSIONS
Mechanical Testing
Figures 1(a) and 1(b) show the mechanical behavior for the three ED series materials under
two different strain rates (100%/min and 500%/min). Depending on the chemical structure of
the materials, different behaviors were displayed. For the ED 2000 and 4000 samples, in
which the volume percentage of hard domains is lower, a typical elastomeric with moderate
hysteresis is observed. On the other hand, for sample ED 400 the loading curves show an
initially stiff response, followed by a rollover to a more compliant behavior at a strain of
about 0.1, and stiffen again after a strain of 0.4. The unloading path shows a large hysteresis
loop with a residual strain. This unusual behavior can be interpreted as a “glass-like” response
with a clear yield event followed by a modest hardening consistent with the presence of a
relatively large amount of hard domains.
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Fig. 1 - Tensile test for complete ED series with 3 loading-unloading cycles up to a maximum ε = 0.6.
(a) strain rate 100%/min; (b) strain rate 500%/min

Constitutive Modelling
It was found that for the ED 4000 and ED 2000, which show a typical elastomeric response, a
viscoelastic constitutive model such as Bergström-Boyce with Mullins effect (BBM)
(polymerfem.com), accurately fitted the experimental data, Figure 2(a). On the contrary, for
the ED 400, which displays a mixed mechanical response with “elastomeric” and “glass-like”
features, the use of a more complex visco-plastic constitutive model such as the Three
Network (TN), (polymerfem.com), was needed, Figure 2(b), in order to accurately capture
material response.
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ED 2000 BBM model
ED 4000 exp data
ED 4000 BBM model
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Fig. 2 - Experimental result vs constitutive model for: (a) ED 4000 and ED 2000; (b) ED 400;
(c) BBM scheme; (d) TN scheme

REFERENCES
[1] A. Sanchez-Ferrer, D. Rogez and P. Martinoty. Influence of the degree of polymerisation
and of the architecture on the elastic properties of new polyurea elastomers. RSC Adv., 2015,
5, 6758.
[2] https://polymerfem.com/articles/material-models.
[3] R.W. Hergenrother, X.H. Yu, S. L. Cooper. Blood-contacting properties of
polydimethylsiloxane polyurea-urethanes. Biomaterials. 1994, 15, 635.

-194-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7101

FATIGUE STRENGTH OF CARBON STEEL COVERED WITH
PROTECTIVE LAYERS FOR CO2 ASSISTED SHALE GAS MINING
Marta Baran, Tomasz Brynk(*), Zbigniew Pakiela
Faculty of Materials Science and Engineering, Warsaw University of Technology, Warsaw, Poland
(*)
Email: tbrynk@inmat.pw.edu.pl

ABSTRACT
In this study, fatigue behavior of samples with Inconel 625 and 304 stainless steel protective
coating deposited on P110 steel used as casing tube material in a natural gas wells has been
investigated. Loading conditions of well operation were simulated by 3-point bending
dynamic tests which were carried out on mini-samples (34,2 x 7,6 x 3,8 mm). The S-N curves
estimated for both protective coating systems and strain distribution maps derived by Digital
Image Correlation (DIC) were referred to base metal results. Abovementioned mechanical
tests were supplemented by SEM observations of fractures and micro CT scans that enabled
to estimate coating thickness and determine the effect of their quality on fatigue behavior.
Presented investigation confirmed good adhesion between coatings and base material,
nevertheless revealed also discontinuities in the Inconel coating, which substantially affected
results of fatigue tests. The life to failure of deposited material was shorter in comparison
to unmodified P110 steel, however modification of cladding technology leading to decrease
in quantity of defects might make P110 steel with weld cladded Inconel 625 competitive
in relation to P110 steel to a certain extent of loadings.
Keywords: fatigue, Digital Image Correlation (DIC), anticorrosion coating, shale gas.
INTRODUCTION
The modern mining industry is expected to both, discover new deposits of mineral resources
and minimize the exploration impact on the natural environment. The technology that enables
sequestration of shale gas reservoirs together with simultaneous anthropogenic-sourced gases
deposition is liquid/supercritical CO2 injection as a fracking fluid. However, carbon dioxide
environment significantly affects carbon steels, which are extensively used in oil and gas
industry because of economic aspects. To date, great attention was devoted to the mechanism
of CO2 corrosion due to both the presence of its large quantity in deep gas reservoirs and
possibility of its application in well stimulation. Thermodynamic transformation resulted from
natural heating of CO2 on a few kilometers depth under earth surface induces pressure
suitable for shale rock formation fracturing (Niezgoda, 2013).
Application of steels listed in API 5CT, generally used as a casing or tubing pipe materials
with P110 being a prominent example, is limited by their corrosiveness in wet CO2
environment, nevertheless, they might be modified by anticorrosion coatings deposition.
Over recent years several researches were published on corrosion behavior of P110 steel
without (Bao, 2016; Xie, 2015 and Yin, 2011) and with anticorrosion coatings (Lin, 2015 and
Lin, 2011). However, it should be noted that the surface condition is included to factors
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affecting fatigue strength of materials. Therefore, an implementation of a new materialcoating system ought to be preceded by fatigue tests (Revie, 2015; Zhao, 2016 and Hong,
2015).Comparison of materials by determination of the time to failure is possible on the base
of S-N curves which present relationship between the magnitude of a cyclic stress (S) and
number of cycles to failure (N).The representation of tensile hoop stresses occurring in pipes
during exploitation could be obtained by bending test (Revie, 2015) (Figure 1).
In this study fatigue of P110 steel as a reference material and P110 with weld cladded Inconel
625 and austenitic stainless steel has been investigated.The S-N curves were obtained
for them in 3-point bending test of miniaturized samples. All fatigue tests were preceded
by Computer Tomography (CT) scans aiming to verification of potential welding defects
and coating thickness measurement. Moreover, dynamic tests were supplemented by strain
distribution maps obtained by Digital Image Correlation (DIC) and Scanning Electron
Microscopy (SEM) of fracture surfaces.

Fig. 1 - The scheme of 3-point bending specimen location relative to pipe.

EXPERIMENTAL METHODOLOGY
Materials
The material subjected to the research was P110 steel, which the chemical composition
is listed in Table 1. The average ultimate tensile strength (UTS) and yield strength (YS)
are shown in Table 2.
Table 1 - Chemical composition of P110 steel investigated in this studycompared to API 5CT
Element
Content (wt. %)
API 5CT

C

Si

Mn

P

S

Fe

0.243

0.196

0.990

0.014

0.002

Bal

-

-

-

max 0.030

max 0.030

-
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Table 2 - Mechanical properties of P110 steel investigated in this work compared to API 5CT
UTS

YS

MPa

MPa

926

870

min

862

758

max

-

965

investigated P110 steel
API 5CT

Besides of the initial state described in Table 1 and 2, tests were carried out on P110 steel
cladded with Inconel 625 and 304 stainless steel. The mechanical properties estimated
for used coating materials are shown in Table 3.
Table 3 - Estimated mechanical properties of protective coatings materials (Gale, 2004)
UTS

YS

MPa

MPa

Inconel 625 (annealed)

930

520

Inconel 625 (solution treated)

810

325

304 (softened)

480

230

Samples preparation
Samples for 3-point bending with 34,2 x 7,6 x 3,8 mm dimensions are schematically shown
in Figure 1, where protective coating is marked by a dotted line. Samples dimension and
specific shape of coating were determined by specimen location relative to pipe. To minimize
probability of protective coating damaging specimens were cut by technology of wire
electrical discharge machining (WEDM) and then were ground up to 1200 grit. In order
to subsequent strain fields measurements using DIC front surfaces of specimens were sprayed
white and black paint to obtain a speckle pattern.
Fatigue tests
Fatigue tests in 3-point bending mode were done for three series of samples: P110 steel
in the initial state and with Inconel 625 and austenitic stainless steel protective coating.
Applied magnitude of loading was lower than yield strength obtained in static 3-point bending
tests ensuring high cycle fatigue conditions. Loading cycles have a sinusoidal shape, the
frequency of 20 Hz and cycle asymmetry ratio R=0.1. All the fatigue specimens were tested
at room temperature to the point of fracture excepting the lack of failure to 1.5million cycles
when tests were interrupted.
Fatigue tests were conducted by using horizontal testing machine equipped with MTS
hydraulic actuator and force transducer with +/- 15kN loading range.
Fatigue tests with DIC
All the fatigue tests were conducted with 2D DIC measurements. Trigger of the camera
observing front surface of samples was synchronized with the maximum compressive load.
Every 250th image was registered for further analyzes. Strain distribution maps processing
was made utilizing Vic2D software (Correlated Solutions, USA).
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Complementary tests
CT scans were made directly after cutting and before grinding by means of MicroXCT-400
High Resolution X-Ray Imagine System. Fractographic observations were conducted
employing scanning electron microscope Hitachi S-3500N.
RESULTS AND DISCUSSION
The summarized results describing quality of weld cladding coating are presented in Tables 4
and 6. For all the specimens with anticorrosive coatings the coefficient of defectiveness
dwas assigned. This parameter, based on welding standard (ISO 5817:2014 and ISO 65201:2007), is equal to the area's ratio of revealed with CT scans discontinuities to the entire
coating area. It should be noted that d coefficient has only qualitative meaning. It was
determined based on the blurry contours of defects. Thus, it is dependent on a subjective
assessment of grey levels.
The differences in dimensions and shape of defects for both coating are clearly visible.
Discontinuities are significantly larger in the case of Inconel 625, however, it should
be noticed that for both coating they occur near the interface boundary between the core
material and the coating as well as they are characterised by blunted edges.
Table 4 - Results of fatigue tests and CT scans of investigated specimens.
Cladded
material

base material
without coating

Inconel 625

304 steel

Maximum bending
stress during
loading cycle σmax*
[MPa]

Cycles
to failure

1

1300

47 657

2

1100

98 060

900

254 661

4

850

378 514

5

800

1 500 000**

6

700

1 500 000**

No. of
specimen

Coefficient of
coatings
defectiveness d
[%]

Thickness of
coatings t [mm]

3
-

-

1

6,89

3,87

850

12 050

2

0,00

2,63

825

503 908

3

4,11

3,05

800

43 135

4

0,17

2,89

775

453 555

5

3,16

3,68

750

429 891

6

1,11

3,00

650

1 500 000**

1

0,22

2,11

900

87 544

2

0,09

1,84

850

142 703

3

0,45

2,00

750

149 512

4

0,52

1,07

700

172 229

5

1,21

2,35

650

969 176

6

0,12

2,18

600

1 500 000**

* Bending stress is defined by equation: σ = M⁄W, where M - bending moment and W - flexural modulus.
** The failure didn't occur until 1,5 million cycles. Test interrupted.
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Moreover, obtained images (Table 5) do not permit to determine the nature of discontinuities.
They only visualize materials density changes on the X-ray way, thus inclusions of a density
lower than density of steel could resemble porosity.
The coating thickness changes (Table 4) resulted from overlay technology in which coatings
thickness varies according to length of a pipe axis. Lines pointed by arrows (Table 5 - Inconel
625, no. 1 and no. 5) indicate thickness changes in each specimen and correspond to minimal
and maximal thickness of coating. The changes of the same nature occur in stainless steel
coatings, but they remain invisible on CT scans because of almost equal density of coating
and core material. Observations based on CT scans are confirmed by fracture surface
illustration (Figure 2).
Table 5 - CT scans of selected specimens.
Cladded
material

No. of
specimen

Base
material
without
coating

1

CT scan

1

Inconel
625

5

2

304 steel

5
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a)

b)
Fig. 2 - Fracture surfaces of saples with a) Inconel 625 coating - specimen no. 4 - loaded with maximal
stress 775 MPa, b) 304coating - specimen no. 3 -loaded with maximal stress 750 MPa (coating -base
material intrfaces marked with white arrows)

The results concerning fatigue strength of unmodified P110 steel compared to samples
with anticorrosion coatings are presented in Table 4 and graphically in Figure 3. The fatigue
limit of P110 steel for 3-point bending test is estimated to 800 MPa while weld cladded
samples were characterized by lower number of cycles to failure for corresponding load
levels. The results obtained for the stainless steel coating with regard to the base material
were figured below P110 steel over the all loading range. Two specimens with the higher
coefficient of defectiveness from Inconel 625 cladded group showed reduced number of
cycles to failure due to decrease of loaded cross-section area and increase of stress
concentration.

Fig. 3 - Wohler’s curves for samples without and with anticorrosive coatings (3-point
bending, R=0.1, f=20 Hz).
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Fig. 4 - SEM fractography of the fatigue specimen with austenitic stainless steel coating - no. 5 (maximal
bending stress: 650 MPa, cycles to failure 969 176) (a) fatigue fracture; (b) delamination between the
coating and the core material

Fractography observations for the all specimens with austenitic stainless steel indicate small
delaminations between the coating (circled area) and the base material, which were shown
in Figures 4 and 5. Nevertheless, origins of fractures were localized in the specimens corners
in all cases (pointed by arrows). Moreover, strain localizations on the coating boundary
were not registered on strain distribution maps (Figure 6).

Fig. 5 - SEM fractography of the fatigue specimen with austenitic stainless steel - no. 1 (maximal
bending stress: 900 MPa, cycles to failure 87 544) (a) fatigue fracture; (b) delamination between the
coating and the core material

The substantial strain localization in specimens no. 1 and 2 (coated withstainless steel) was
observed in the first few hundred loading cycles (Figure 7) reaching the value equal
to approximately 4% after 500 cycles. The mentioned effect could by caused by significant
difference between yield strenghts of core and coating material (Tables 2 and 3)
and microstructural changes in P110 steel as a result of heating during weld overlaying.
The coating deposition caused significant gradient of hardness in pipe cross-sections at depth
of approximately 7 mm and its decrease compared to P110 steel which average value is equal
309 HV1 (Figure 8). Phase transition induced by heat is also confirmed by microstructural
observation where original sorbite was transformed in ferritic perlitic structure in case
of samples with both types of coating (Figure 9). Abovementioned effect of early strain
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localization was not observed in case of samples with the nickel-based alloy coating and P110
without coating loaded with highest stress levels (Figure 7).
900 000 cycles

930 000 cycles

960 000 cycles

Fig. 6 - Strain distribution mapsof the fatigue specimen with austenitic stainless steel - no. 5 (maximal
bending stress: 650 MPa, cycles to failure 969 176).

Specimen with 304 steel coating (no.
1, σmax = 900 MPa)

Specimen with Inconel 625 coating
(no. 1, σmax = 850 MPa)

Specimen without coating (no. 1,
σmax = 1300 MPa)

Fig. 7 - Strain distribution mapsof the fatigue specimen after 500 cycles of loading.
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(a)

(b)

Fig. 8 - Hardness profiles for (a) P110 cladded with Inconel 625; (b) P110 cladded with stainless steel
(coating interfaces marked with red dotted lines).

(a)

(b)

©

Fig. 9 - Microstructure of (a) P110 steel without coating; (b) P110 - Inconel 625 coating interface (P110 at top);
(c) P110 - stainless steel interfce (P110 at botom)

CONCLUSIONS
The fatigue performance depicts that specimens with weld cladding austenitic stainless steel
performed worst compared to the core material. Complementary tests did not indicate the
minor discontinuities influence on fatigue tests results. The mainly reason for obtained
performance are both changes in core material microstructure caused by weld overlaying and
significantly lower yield strength of the anticorrosive coating in relation to P110 steel.
Large defects revealed on the interface of investigated nickel-based alloy coating and core
material cause decrease of effective cross-sections areas, and therefore the worst fatigue
performance. Moreover, microstructural changes due to weld heating negatively affect fatigue
test results.
Part of samples with nickel-based alloy coating showed higher number of cycles to failure
than steel coating. Based on the above, further research on Inconel 625 coating are planned in
order to compare results obtained for specimens with defects to specimens without
discontinuities.
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ABSTRACT
Diffraction is a powerful tool for analyzing residual stresses as well as applied stresses. Both
x-ray and neutron diffraction can be used for this purpose. The interest in neutron stress
analysis stems from the high penetrating power of neutrons when compared to laboratory
x-ray sources, i.e. several cm instead of a few tens of µm. This contribution will focus on
some recent experiments on residual strain, texture and phase analysis to highlight the
capabilities of a modern neutron diffractometer. In addition an overview on current
instrumental and methodical developments for non-destructive through surface strain
measurements, which bridges the gap between X-rays and bulk neutrons, will be shown.
Keywords: STRESS-SPEC, residual stresses, neutron diffraction, spurious strains.
INTRODUCTION
Neutron diffraction opens up the possibility to analyze residual stresses in the interior of
technical components rather than just at the surface. With the advent of second and third
generation synchrotron sources, hard x-rays have become a powerful competitor for stress
analysis in bulk solids. One might have thought that due to the high penetrating power of hard
x-rays and the very high brilliance of synchrotron sources neutrons would have be driven out
of business. However, this has not happened and neutron instruments dedicated to stress
analysis have not become short of users. As a consequence, new instruments for neutron
stress analysis have been commissioned or are under construction to this very day. The
neutron diffractometer STRESS-SPEC located at Germany’s neutron source
“Forschungsneutronenquelle Heinz Maier-Leibnitz” (FRM II) in Garching is such a dedicated
instrument for engineering and materials science applications.
RESULTS AND CONCLUSIONS
This contribution will focus on some recent experiments on residual strain, texture and phase
analysis to highlight the capabilities of a modern neutron diffractometer. In addition an
overview on current instrumental and methodical developments through surface strain
measurements will be given bridging the gap between X-rays and bulk neutrons. Thanks to
the high flux reactor FRM II and the latest improvements of STRESS-SPEC, measurements
from the surface into the bulk, has seen an increased demand. Whenever the gauge volume is
not totally immersed in the sample the measured strain must be corrected for the respective
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spurious strain. A new analytical model is now a routine tool for corrections of strain
measurements close to the surface at STRESS-SPEC. An example for a deep rolled sample is
shown in Figure 1. A recent further development of the analytical method for treatment of
pseudo strains arising near surfaces as well as due to strain gradients is verified by a 4-point
bending experiment with a ferritic steel sample of a fine grained construction steel type
S690QL. It provides a general framework for treatment of spatial resolution effects, including
both pseudo strains and smearing of measured strain distribution due to the finite gauge
volume, Figure 2. Finally, a double radial collimator for the primary side has been simulated
and is under construction which will reduce considerably the spurious strains enabling
flexible sample positioning due to higher focus distance compared to usual slit systems.

Fig. 1 - Example of spurious strains corrections for a
deep rolled sample

Fig. 2 - Example of spurious strains and smearing
corrections for a 4-point bending steel sample
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ABSTRACT
This paper presents an innovative testing methodology to evaluate the effect on Glass Fibre
Reinforced Polymers (GFRPs) of long-term exposure to a simulated marine environment,
typical in offshore Oil & Gas applications. The performance of material samples exposed to
seawater at 25, 55, 80 °C was quantified. Gravimetric, Dynamic Mechanical Analysis and
mechanical testing have been performed in parallel on progressively aged samples. Results
show an exponential increase in water absorption rate with temperature. Glass transition
temperature drops with the advancing of the seawater absorption. Mechanical testing
demonstrated a progressive decrease in tensile strength, further reduced by the ageing that
follows fluid saturation of the material.
Keywords: PMCs, fluid diffusion, ageing, accelerated testing, gravimetric, DMA.
INTRODUCTION
Polymer Matrix Composites (PMCs) are becoming more widely diffused in the Oil & Gas
industry. The potential to exploit their outstanding mechanical properties, along with their
reduced density compared to metals, makes them a suitable substitute to overcome the
technical limitations of traditional structural alloys for deep-water fossil fuels recovery. There
is not yet extensive experience with PMCs when it comes to marine applications. The
qualification of composite materials for harsh Oil & Gas services is less advanced than in the
aerospace industry, where specific grades and qualifying routines have been developed over
many decades. Pipelines and petrochemical components manufacturers are finally ready to
shift to fully composite structures (Jha, 2013). The main issue is that estimated useful working
life for those components to be economically viable should be in the order of the tens of
years, possibly without any major maintenance.
To introduce a new material grade in a commercial product, such as a flexible riser pipeline, it
has to be fully qualified first. The testing operations cannot be carried out at real timescale, as
the technology would be obsolete by the time the product is ready to be introduced to the
market. Therefore, there is a call for reliable accelerated testing methodologies, which shorten
test times to reasonable levels, in order to successfully predict the evolution of the material
properties over few decades.
A comparative accelerated testing methodology has been put to test. Neat thermoset epoxy
and GFRP coupons of different shapes (from 19×19×2 up to 100×100×2 mm, to assess any
possible scale effect) have been exposed in a simulated working environment, being soaked in
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synthetic seawater at different exposure temperatures (25, 55 and 80 °C). The evolution of the
material properties was monitored by different techniques. Standard gravimetric testing
(ASTM D5229M) allowed the evaluation of fluid absorption progress. In parallel, the shift in
the glass transition temperature (Tg) was monitored through an extensive campaign of
Dynamic Mechanical Analysis (DMA) on fluid exposed and re-dried samples. The
mechanical properties of the material were evaluated by quasi-static tensile testing (ASTM
D638 & D3039M) of exposed specimens at selected intervals (at linear Fickian diffusion,
saturation and after three more months of ageing). Samples exposed in dry air have also been
tested in order to check the effect of the temperature alone.
RESULTS AND CONCLUSIONS
The results obtained show that there is a similar pattern in the properties change, which are
shifted in time: the higher the temperature, the quicker the absorption process (see Figures 1
and 2). It suggests that this innovative approach could be a feasible way to accelerate the fluid
diffusion and ageing phenomena occurring in the material over very long time exposure.
Attention must be paid to possible secondary ageing mechanisms triggered by the higher
temperatures, which would not occur at the typical operating scenarios.
Further work is needed on extending the DMA and mechanical testing. Newer and more
computationally demanding diffusion kinetics (Grace, 2012) will be applied on the
gravimetric data to achieve better accuracy in the description of the fluid diffusion mechanism
and gain further prediction ability towards later ageing stage.

Fig. 1 - Gravimetric test results on seawater exposed
composite coupons.

Fig. 2 - Tg shift evaluated by 3-point
bending

ACKNOWLEDGMENTS
The authors gratefully acknowledge the funding from the EU Horizon 2020 Research and
Innovation programme under the Marie Sklodowska-Curie grant agreement No 642557.
REFERENCES
[1] Grace, L.R. and Altan, M.C., 2012. Characterization of anisotropic moisture absorption
in polymeric composites using hindered diffusion model. Composites: Part A, 43, pp.11871196.
[2] Jha, V. et al., 2013. Qualification of Flexible Fiber-Reinforced Pipe for 10,000-Foot
Water Depths. Houston, Texas USA.
-208-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7156

CONDITION MONITORING OF AN INDUSTRIAL BUCKET
ELEVATOR FOR BULK MATERIALS
Piotr Sokolski(*), Marek Sokolski
Faculty of Mechanical Engineering, Wroclaw University of Science and Technology, Wroclaw, Poland
(*)
Email: piotr.sokolski@pwr.edu.pl

ABSTRACT
The paper presents the results of diagnostic tests of the drive unit of a large bucket elevator in
one of the Polish power plants. These studies included among others measurements of
vibration velocity and acceleration of bearing units. On the basis of the results analysis it was
shown that the tested power unit is in a good technical condition, which is acceptable for
unrestricted long term operation.
Keywords: condition monitoring, bucket elevators, drive units, field research.
INTRODUCTION
Bucket elevators are used for transporting bulk materials in the chemical industry and in
power plants for transporting solid fuel (coal, biomass, etc.) to boiler furnaces. Unlike in belt
conveyors, the material transported by the bucket elevators does not form a continuous
stream, but it is moved in a cyclic manner in buckets mounted to the chain or belt.
The basic advantages of bucket elevators include, among others: the ability to move materials
vertically up to large heights of 30-40 meters (or more) as well as the possibility of
transporting of dusty materials without risk of environmental pollution (thanks to the tight
housing of elevators). Contemporary bucket elevators achieve a capacity of up to 1000 t/h.
The drive unit has a quite considerable influence on the operation of the bucket elevator and
therefore monitoring its technical condition is particularly important. If it is necessary to
assess the technical condition during operation of elevator without dismantling its
components, then the research techniques based on the study of vibroacoustic residual
processes, that is vibration and noise measurements, are particularly valuable and useful
(Cempel, 1998; Sokolski, 2016).
This paper presents the results of vibroacoustic tests and diagnostic assessment of the drive
unit of a bucket elevator installed in a supply system of boiler furnace with solid fuel in a
Polish power station. Due to the confidentiality of the data, the name of the power plant and
detailed technical data of the tested bucket elevator are not given in the paper.
OBJECT, PURPOSE AND RANGE OF RESEARCH
The research object was a bucket elevator in one of the Polish power plants. The tested
driving unit consisted of 45 kW electric motor and a set of 3 gear transmissions (cylindrical
and bevel).
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The main goal of the research was to diagnose the technical condition of the driving units in
terms of possibilities of further usage and safe operation in real working conditions in power
plant.
The technical condition of the drive unit was evaluated basing on measurements of vibrations:
velocity and acceleration on housings of bearings. The scheme of location of measuring
points is shown in Figure 1.

Fig. 1 - Measuring points on the tested drive unit

In the research, the following measuring apparatus were used:
- vibration level meter and analyzer type SVAN 954 with piezoelectric accelerometer
type DYTRAN 3185D,
- noise level meter and analyzer type SVAN 945A with condenser microphone type
40AN.
BASIS FOR DIAGNOSTIC ASSESSMENT OF TECHNICAL CONDITION IN
DETERMINISTIC APPROACH
As the diagnostic criterion, the basic guidelines of ISO-10816-3 were adopted with respect to
the drive units on the flexible support (Table 1). This criterion introduces 4 zones for
vibration severity “A” ÷ “D”. The values of these zones boundaries are based on the
maximum broad-band r.m.s vibration velocity measured on bearing housings in the frequency
range at least from 10 Hz to 1000 Hz.
For long-term operated machines, such as, in particular, bucket elevators, it is additionally
recommended the alarm values of vibration velocity to be defined. If the alarm value is
exceeded, the operation may be conditionally continued for a certain period of time until the
reasons for the increase in vibration are identified and corrective actions can be taken.
According to recommendations of International Standard ISO-10816-3, the alarm value
should not be higher than 1.25 times the upper limit of zone “B”.
However, according to some sources (e.g. Blake, 1972; Cempel, 1998; Zoltowski, 2004), the
recommendations of ISO-10816-3 in some cases are too restrictive in relation to real vibration
velocity, which can be accepted in the operation of drive unit with gears.
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Table 1 - Numerical values used for a qualitative assessment of technical condition of the tested
drive unit (according to ISO-10816-3)
Support
conditions

Upper limits of
velocity RMS,
mm/s

Evaluation zones/vibration severity

2.3

Zone “A” - vibration severity for newly commissioned drive
units

4.5

Zone “B” - vibration severity considered acceptable for
unrestricted long-term operation

7.1

Zone “C” - vibration severity considered unsatisfactory for
unrestricted long-term continuous operation and remedial
action should be taken

> 7.1

Zone “D” - vibration severity normally considered to be of
limit to cause damage

flexible

The requirements of ISO-10816-3 refer rather to new drive units installed and tested on
special test stands, where the influence of environmental vibrations on the level of diagnostic
signals can be minimized.
However, in real conditions, drive units of industrial bucket conveyors are usually mounted
on the housings of these conveyors. Under these conditions, diagnostic signals include
components caused by vibration of other elements of bucket conveyor, e.g. especially from
the housing structure and chain or belt on which the buckets are installed.
In this context, a more practical classification of technical condition of drive units with gears
is proposed. This classification is based on vibration severity (see Table 2) and refers to the
recommendations of ISO 8579-2.
Table 2 - Numerical values proposed as liberalized criteria for the assessment of technical condition of
industrial drive units with gears (according to the recommendations of Zoltowski and Cempel 2004)
Velocity RMS, mm/s

Technical condition

Required action

vRMS ≤8.0

Condition acceptable for
unrestricted long-term
operation

No special action is required

8.0 < vRMS ≤12.0

condition considered as
temporary acceptable

It should be stopped and inspected

12< vRMS ≤ 18.0

condition considered as
dangerous

It should be stopped and repaired
within 24 hours

vRMS > 18.0

condition considered as
catastrophic

It should be immediately stopped
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CONCEPT OF DIAGNOSTIC ASSESSMENT OF TECHNICAL CONDITION IN
PROBABILISTIC APPROACH
However, it should be noted that in real conditions, the vibration severity at the bearing
arrangements are random variables. For these reasons, the diagnosis of the technical condition
should be carried out in a probabilistic approach.
Because of that, the authors propose that the Quantile Qp (where p - confidence level) of
velocity vRMS should be taken as a measure of the vibration severity of the bearing
arrangements.
According to this idea, if the Quantile Qp of the vibration velocity does not exceed the upper
level of zone "B":
Qp ≤ vRMS("B")

then the bearing arrangements meet the requirements specified in the relevant standards (in
particular in ISO-10816-3) and the drive unit is treated as acceptable for unrestricted long
term operation.
RESULTS
The results of the research have shown that the highest vibration severity was occurring at the
measuring point P4 located on the left bearing housing of the output shaft of the tested drive
unit (see Figure 1).
An exemplary velocity spectrum at the point P4 is shown in Figure 2. This bar chart shows
that the maximum broad-band r.m.s vibration velocity does not exceed the upper threshold
vRMS = 4.5 mm/s of zone "B". This means that in deterministic approach this bearing
arrangement and the whole of the tested gearbox meet the requirements of ISO 10816-3 and
could be treated as acceptable for unrestricted long term operation.

Fig. 2 - Typical spectrum of the root-square-mean values of vibration velocity in the vertical direction z
measured at the point P4 on the gearbox housing
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However, in accordance with the proposed diagnostic concept based on a probabilistic
approach, the vibration severity of the bearing arrangements of the tested drive unit was also
analyzed in order to evaluate the statistical distributions of vibration velocity values.
Exemplary results in the form of histograms are shown in Figure 3.

Fig. 3 - Histogram of velocity vRMS at the point P4 in the z-direction

Then, the numerical values of the statistical distribution parameters of velocity vRMS were
estimated by using the Kolmogorov Smirnov test and the maximum likelihood method.
The best accordance with experimental data was obtained for the Gumbel Extreme Value

 v −a
1
 v − a 
fG (vRMS ) = exp− RMS
− exp − RMS

b
b
b 


where: b - the scale parameter Distribution expressed as:, a - the threshold parameter.
On this basis, the cumulative distribution functions CDF of vibration velocity vRMS in each
bearing arrangements of the tested drive unit was determined. Exemplary CDF diagrams and
the limit values vRMS (2.3) = 2.3 mm/s, vRMS (4.5) = 4.5 mm/s and vRMS (7.1) = 7.1 mm/s of
vibration severity zones “A”, “B” and “C” are shown in Figure 4.
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Fig. 4 - Cumulative Distribution Functions of vibration velocity vRMS at the test points P4
and P5 (x, z denotes the vibration directions, and symbols “A”, “B”, “C” denotes the zones
of vibration severity)

The research have shown that the tested drive unit of the bucket elevator meets in general the
requirements for the vibration severity zone “B” that is normally considered acceptable for
unrestricted long term operation. The probability that the vibration velocity vRMS at the
measuring points will exceed the alarm value vRMS(B;alarm) = 1.25·4.5 = 5.6 mm/s for the zone
“B” is not greater than 0.05. The exception is the point P4, in which the probability that the
vibration velocity exceeds the alarm value of vRMS (B; alarm) = 5.6 mm/s in the vertical direction
(along the z-axis) is slightly higher and amounts to approximately about 0.11.
However, if liberalized criteria for the assessment of the technical condition of industrial drive
units with gear transmissions (Table 2) are taken into account, then it can be found that the
tested drive unit may be treated as acceptable for unrestricted long term operation.
The probability that the vibration severity in the tested dive unit will exceed the acceptable
level of vRMS(B;8.0) = 8 mm/s is very small and amounts to P(vRMS > 8.0) <0.03.
In addition, the research of acoustic climate in the environment of the tested drive unit was
carried out. The results of this research show that the noise level reaches the value of LAeq =
73 ÷ 75 dB(A), so it does not exceed the value of LAeq = 85 dB(A) which is a permissible
level for the stands of physical work. This conclusion means that there are no acoustic hazards
in the area of the tested drive unit of bucket elevator.
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CONCLUSION
The research results of the drive unit of an industrial bucket elevator installed in a Polish
power plant were presented.
The purpose of this research was to diagnose the technical condition of the drive unit and to
assess the acoustic climate in the environment of this object.
The tests included measurements of vibration velocity of the bearing arrangements of the
drive unit and noise measurements as well.
Based on the analysis of the research results, it was shown that the tested drive unit can be
treated as acceptable for unrestricted long term operation and there are no acoustic hazards in
its environment.
Among methods of reduction of vibrations in gear transmissions one can list application of
dampers in which stiffness and damping play a key role in their operation. Study on influence
of such structures is analyzed by among others (Stosiak, 2015, Firouzi, 2017). One of the
most recent materials used as dampers are shape memory alloys (Naresh, 2016). Integral
squeeze film damper supports are also highly advantageous in terms of reducing vibrations
level in gear mechanisms while being integral bearing dampers (Lu, 2017). Utilization of such
solutions results in lowering of vibrations level in modern gear transmissions.
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ABSTRACT
This paper addresses a statistical energy analysis in diagnosis of bearing faults in complex
machinery. The principle of this method is based on the fact that each sensor, with respect to
its location in the system, collects a different version of the vibration produced in the system.
By applying a short time Fourier transform to the signals collected by multiple sensors and
making use of a priori knowledge of the spatial distribution of sensor locations with respect to
the components, the source of the peaks on the frequency spectra of the signals can be
identified and attributed to the components. The performance of the method was verified
using a series of experimental tests on synthetic signals and real laboratory signals collected
from different bearings and the results confirmed the efficacy of the method.
Keywords: Fourier transforms, source separation, multisensory vibration acquisition

INTRODUCTION
A difficulty in diagnosis of faults in components of rotating machinery using vibration signals
is that these signals are always a cluttered mixture of ambient noise and vibration produced by
different parts. This problem is encountered in its most severe form when diagnosis of certain
components in a compact complex system such as an engine is desired. In this case, in order
to lessen the effect of vibration from neighbor components, it is necessary to place the sensors
as close as possible to the components of interest. However, due to restrictions such as the
manufacturer’s warranty policy and inaccessibility, it is not always practical to place the
sensors as such. The only choice is therefore to place the sensors on the innermost possible
surface of the structure. As a result, even if the sensors are positioned very close to the
components, they collect signals not just from one specific component but from other
components as well. That is to say, signals collected by each sensor are a combination of the
vibration produced by different components in addition to ambient noise. This makes it
difficult to determine which component dominates the collected signals. The first challenge in
diagnosis of faults in a complex system is therefore to decompose the signals into components
corresponding to the system’s individual components. In other words, determining what
signals come from which components. This concept is referred to in the literature as “source
separation” and in the case where components of the system are not well identified it is called
“blind source separation.” A number of mathematical methods exist to solve this blind source
separation problem, among which the independent component analysis (ICA) [Comon et al.,
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2009; Serviere et al., 2005, and Antoni 2005] method is the most dominant. In this study, we
sought to develop a method that presents the distribution of vibration energy with regard to
location of vibration sources and sensors and based on the mechanical behavior of the
structure. This method adopts some key concepts from statistical energy analysis (SEA) to
support the fact that each sensor collects a different version of the oscillations produced in the
system with respect to its location in the system. Applying a Fourier transform to the signals
and making use of a priori knowledge of the spatial distribution of sensors and components,
the original vibration signals can be recovered through comparison between the frequency
representations (Fourier transform) of signals received by each sensor. The proposed method
was verified with synthetic and experimental data.
DEVELOPMENT
Multi-Sensor Data Acquisition
In blind source separation, it is usually necessary to have at least as many sensors as the
number of components in the system. In some applications, determining the number of
components is obscure due to the definition of a component (Antoni, 2005). For example, a
ball bearing can be considered a single component, which is usually the case, or as a number
of parts (i.e., balls, outer race, and inner race). For fault diagnosis, the following definition
may be implemented based on a practical point of view: A component is a part of a structure,
machine, etc. that is either repairable or replaceable during maintenance. Although the
number of components may be approximated based on the above definition, it does not
necessarily follow that a “component” will act as though it is a single source. A replaceable
part may consist of different elements, each of which can produce statistically independent
vibration signals. Fortunately, this problem is less likely to arise in the proposed method. In
fact, this method is based on the concept of subsystems where recordings from different
subsystems are compared to one another. Therefore, as long as a component and its element
are considered to be in a subsystem and the sensors used for comparison are mounted in other
subsystems the abovementioned problem will not affect the results. In other words, all the
elements of the component will have the same characteristics as far as the proposed method is
concerned. To determine the number of sensors for this method, the same criterion applies,
i.e., the number of sensors must be at least equal to the number of “components.”
Methodology
The procedure for the proposed method is outlined as: given N as the number of sensors and
Xi (f) are the Fourier transform of the signals xi(t) (where i=1, …, N). For each frequency bin
denoted by f, the intensities are set to zero except for the maximum intensity (i.e. argmax
Xi(f)) among all the signals from different sensors. Using this approach, at each frequency the
intensities of N spectra are either zero or the maximum. Finally, using the spatial diversity of
sensor locations with respect to the subsystems and the components, each sensor together with
its modified frequency representation is associated with a component. It is noted that in this
method, the spectral density does not contain any temporal information about the signal, and
consequently certain random and transient fluctuations can cause misinterpretation. One way
to get around this problem is to utilize short time Fourier transforms (STFT), and apply the
aforementioned procedure to each short window and then average the results of all windows.
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EXPERIMENT CASE STUDIES AND RESULTS
In order to verify the viability of the proposed method, two case studies are carried out using
vibration signals taken from two different test facilities. The description of each test facility
and the discussion of the results for each case are represented in the following sections.
Experimental Setup and Data Acquisition of the First Case Study
Vibration signals were collected from a test setup at Ecole Polytechnique de Montreal
consisting of a 2 HP motor coupled to a shaft supported by two different bearings. One
bearing was an overhauled roller bearing (PWC15) provided by Pratt & Whitney Canada
from one of their engines. The other bearing was an SKF ball bearing (1217 K). Each bearing
was encompassed by a housing that was bolted to an adjustment base; which was also bolted
to the main base. This way, each housing together with the bearing inside can be considered a
subsystem that is connected through another subsystem (adjustment base) to the main base.
Four accelerometers were used, one mounted on each bearing housing and two on the main
base as shown in Figure 1. Signals were gathered at a sampling frequency of 2 kHz for a
period of 10 seconds while the shaft was running at a speed of 900 RPM (15Hz).

Fig. 1 - Test setup with a PWC15 bearing mounted on the left end of the shaft

Results and Discussion for the First Case Study
The short time Fourier transforms of the signals with window length and time steps of,
respectively, 512 and 32 points were obtained. The Fourier transforms of signals gathered by
each accelerometer are shown in Figure 2.

Fig. 2 - Frequency representation of signals collected by four accelerometers

-219-

Topic-C: Experimental Mechanics and Instrumentation

The four frequency representations show certain distinguishable peaks at different
frequencies. However, it is not clear if the peaks are noise or actual oscillations caused by a
component. Also, it is not possible to determine the source of each peak. The separation
results up to 150 Hz are shown in Figure 3. The results are plotted in different styles. Each
style represents the signals pertaining to an accelerometer. For the profile pertaining to
accelerometer (located on the PWC15 roller bearing housing) two dominant peaks, one at
around 69 Hz and another at around 138 Hz can be singled out. Further, for accelerometer 2
(located on the 1217KSKF bearing) except for one peak at 30 Hz there is another dominant
peak at 59 Hz. For other accelerometers on the base there are a number of peaks, mostly
occurring in the range from 100 to 150 Hz.

Fig. 3 - Separation results of PWC15 and 1217K SKF bearings

The characteristic frequencies of the bearings (Table 1) were calculated using following
equations (Shahan, and Kamperman, 1976):
Rotational frequency of rolling element assembly: f =
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where:
fs (shaft rotation speed in Hz), DB (diameter of the ball), DP (distance between the centre of
two opposing balls "pitch"), NB (number of the balls), θ (contact angle of the ball).
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Table 1 - Characteristic frequencies of the bearings used in the experiments
Bearing

PWC

SKF 1217K SKF1216K

Rexnord

Rotational frequency of rolling element assembly (Hz), fc

5.77

6.6

6.65

14.8

Rotational frequency of a rolling element (Hz), fr

30.7

61.2

65

140

Over-rolling frequency of one point on inner ring (Hz), fip

111

176

184

297

Over-rolling frequency of one point on outer ring (Hz), fep

69.2

139

146

236

Over-rolling frequency of one point on rolling element (Hz), frp 61.5

122

130

280

In comparison with the separation results, it can be noticed that the peak at 69 Hz relating to
the closest component to accelerometer 1 (i.e., PWC15 bearing) equals the over-rolling
frequency of one point on the outer ring of the PWC15 bearing. The existence of such a fault
on the outer ring of the PWC15 bearing was confirmed by visual inspection the bearing after
the test. Further, at around 60 Hz, which is very close to the rotational frequency of a rolling
element of the SKF bearing, there is a peak related to a component in the vicinity of
accelerometer 2.
Contrary to the abovementioned concurrences, there is a peak at around 139 Hz related to
accelerometer 1 and supposedly to the PWC15 bearing that matches with the 1217K SKF
bearing’s frequency of one point on the outer ring. This might be considered as a misconstrue
but, as mentioned before, the SKF 1217K bearing was a new bearing and an outer race fault is
very unlikely. Moreover, this peak occurs at 139 Hz which is, not accidentally, twice the
frequency of the outer ring fault of PWC15. In order to further investigation, a separate test
session was carried out in which the PWC15 bearing was replaced with a 1216K SKF
bearing.
The separation results are demonstrated in Figure 4. The two peaks at 69 Hz and 139 Hz no
longer exist, showing that they most probably emanated from PWC15 in the previous test.
Another significant difference with the previous test is that the high amplitude peaks ranging
from 100 to 150 Hz disappeared. Instead, there are peaks at frequencies equal to the rotation
frequency and its harmonics. These frequencies are mostly related to wellness of the shaft
mount and bearings, the imbalance disk, etc. Even with further adjustments in the shaft mount
it is possible that the frequency peak at 59 Hz might have been provoked in the bearing by
shaft misalignment.

Fig. 4 - Separation results for case of 1216K SKF and 1217 K SKF bearings
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Experimental Setup and Data Acquisition of the Second Case Study
In order to further validation of the proposed method, a bearing data set provided by the
Center for Intelligent Maintenance Systems (IMS) of University of Cincinnati through NASA
Ames Prognostics Data Repository (Lee et al., 2007) was used. In this test, four double row
Rexnord ZA-2115 bearings were mounted on a shaft driven by an AC motor (Figure 5).

Fig. 5 - Schema of the test rig at IMS of University of Cincinnati [by courtesy of Ref. (Qiu et al., 2006)]

Vibration data were gathered using four accelerometers, one on each bearing housing, at a
sampling rate of 20 kHz. A spring mechanism exerted a radial load of 6000lb on the rotating
shaft and the bearing. Data snippets of approximately one second in duration were gathered at
ten minutes intervals throughout a run-to-failure test. In this study, one of the snippets was
selected in which an outer race fault on the third bearing was clearly discernible.
Results and Discussion
Separation results for this case are shown in Figure 6. The same window length and time steps
were used with a higher number of frequency bins to attain better frequency resolution.

Fig. 6 - Separation results for case of Rexnord bearings
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According to Table 1, due to a fault on the outer race of the third bearing, a peak at 236 Hz is
expected in the resulting profile corresponding to accelerometer 3. In Figure 6, this peak
occurs on the right profile but with a slightly lower frequency. This error has also been
reported in (Qiu et al., 2006). It is shown that the results are consistent with the proposed
method for this case as well.

CONCLUSION
A separation method based on frequency signatures obtained from signals gathered from
multiple sensors positioned in different locations of the system was presented. This method
has a simple yet solid theoretical basis driven by the concept of statistical energy analysis.
The performance of the method was verified using a series of experimental tests on synthetic
signals and real laboratory signals collected from different bearings. Despite its simplicity, the
results confirmed the efficacy of the method. Some shortcomings associated with this method
were also discussed. To summarize: this method may not be very effective or accurate in
systems with transitory behavior. Also, in systems with very densely mounted components,
determining the subsystems, and therefore, the best location for the sensors can be very
challenging.
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ABSTRACT
The static elastic module Е at compression, at extension; elastic limit σЕ, effective fluidity
limit σfl; strength limit at compression σst for the radiation cross-linked hydrogel + 5, 6, 8,
10% polyvinyl alcohol were measured. The values of static module E, elastic limit σЕ,
effective fluidity limit σfl, strength limit at compression σst of the radiation cross-linked
hydrogels are determined by the formation of the polyvinyl alcohol molecules nanoclusters.
The optimum compositions of initial hydrogels and electronic irradiation regimes, which
allow making the radiation cross-linked hydro polymeric composites with the necessary
characteristics at the radiation doses, were found. The software “KERN-DP” is developed for
the automated system of anisotropy parameters analysis.
Keywords: mechanical characteristics, hydrogel, deformation, strength limit, elastic module.
INTRODUCTION
Bandages from the radiation cross-linked hydrogels (CLHG) show by itself elastic films with
thickness h = 2÷4 x 10-3 m - transparent jelly sterile material, that with C = 85÷90% consists
of distillate water. Such bandages for wounds for the grant of the urgent help at bleeding,
burns must be biologically compatible and not stick to the wounds. They can contain
antiseptic, anaesthetic, haemostatic. The optimum compositions of initial hydrogels and
electronic irradiation regimes, which allow making the radiation cross-linked hydro polymeric
composites with the necessary characteristics at the radiation doses, were found. The software
“KERN-DP” is developed for the automated system of anisotropy parameters analysis [1,2].
RESULTS AND DISCUSSION
The CLHG hydrophilicity and gas-penetrability were investigated as the function of their
chemical composition and terms of electrons irradiation. The optimum compositions of initial
hydrogels and electronic irradiation regimes, which allow to make the radiation cross-linked
hydro polymeric composites with the necessary characteristics at the radiation doses D =
2,5÷10 Mrad were found. It allows attaining the surgical sterility level (10-6) of the made
material without substantial influence on pharmaceutical facilities properties at RSHG
composition.
It is 3D polymeric net - is the sponge with the pores size d ≤ 103 nm, because it contains
distillate water, assumes the diffusion of solutions, but does not skip the bacteriums. The
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static elastic module Е ≈ 147,3 КPа at compression, Е ≈ 105,3 КPа at extension; elastic limit
σЕ ≈ 38 KPa, effective fluidity limit σfl ≈ 82 КPа; strength limit at compression σst ≈ 145 КPа
for the radiation cross-linked hydrogel + 10% polyvinyl alcohol (C2H4O)n, Figure 1.

Fig. 1 - Diagram of strain - deformation σ - ε of radiation cross-linked hydrogel + 10% (C2H4O)n.

Concentration dependence of static elastic module Е, strength limit at compression σst, elastic
limit σЕ radiation cross-linked hydrogel + % (C2H4O)n are represented in Figure 2, in
consequence of the formation of the polyvinyl alcohol molecules nanoclusters.

Fig. 2 - Concentration dependence of elastic limit σЕ radiation cross-linked hydrogel + % (C2H4O)n.
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ABSTRACT
Orthogonal eddy current sensors operating in differential mode was applied to evaluate
fatigue cracks in clad pipelines circumferential weld. A dedicated electronic hardware was
developed to drive the sensors and measure the electrical impedance. In the preliminary
experiments, an automated inspection was performed with the goal to evaluate sensors
detectability and different scanning speed was tested to reproduce in service situation. The
results have shown that the presented eddy current transducer is a potential solution for a
fatigue crack detection on a clad circumferential weld bead.
Keywords: clad material, Eddy current testing, fatigue crack.
INTRODUCTION
The application of cladding material to subsea pipelines has been gaining ground in deep
water oil exploration. Its bimetallic configuration presents an attractive combination of
mechanical strength and corrosion resistance, ensuring the safety and integrity of pipelines
that connect the reservoir to oil rig. The clad material for oil exploration consists of a base
material, usually carbon steel, inner coated with a thin layer of corrosion resistance alloy
(CRA), turning into an attractive economical solution for deep water exploration since only a
small portion of the noble anti-corrosive alloy is required.
The potential for fatigue cracks to occur in pipeline structures due to cycling loads inherent of
offshore oil production, such as, tide variation, waves, etc., makes necessary have an
inspection tool to carry out periodic NDT. In case of clad material, it is crucial to detect
fatigue crack on its initial stage because if the crack propagates through the layer of the CRA
and reaches the carbon steel a strong galvanic couple is completed accelerating exponentially
the fatigue corrosion process. The most critical point of pipeline structures is the
circumferential weld and demands special attention during inspection. Figure 1 presents a
section of clad pipeline with a base material of carbon steel API X65 coated with Inconel 625
and highlighted the inspection region with the crack position.
This scenario, detection of fatigue crack in Inconel, encouraged the development of an eddy
current (EC) system with the goal to inner inspection of clad pipelines. The main challenges
are the circumferential weld geometry and the fact that the tool must operate in a speed
around one meter per second. The orthogonal eddy current transducer was applied to detect
the crack in the weld bead root. An electronic hardware was built to drive the transducer and
evaluate the testing coils electrical impedance by the means of Goertzel algorithm [1].
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Fig. 1 - Clad pipe with the inspection region highlighted.

Figure 2 presents the block scheme of the measuring system, the automated tests with EC
array on a clad pipe sample and the inspection results with the notch besides the weld bead.
One can observe that the defect indication was clearly separated with a SNR of 14 dB.

(a)

(c)

(b)

Fig. 2 - (a) Block scheme of the electronic hardware; (b) automated inspection of a clad sample;
(c) inspection result of the clad sample with the circumferential weld bead.
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ABSTRACT
In this work, active Pulsed Thermography (PT) was used to improve CFRP aeronautical parts
investigation in order to detect sub-surface defects. Composite materials are prone to
successful thermal/infrared NDT analyses, since defects are easily characterised by their
surface ‘footprints’ under thermal pulses with reliable results. Better defect characterisation is
achieved analysing data with better data processing and procedures, providing detailed
contrasts maps where defects’ edges are distinguished. Thermal data are analysed for different
specimens with artificial defects and experimental procedures are verified on real a failure in
structural aeronautical component. Finally, improved data processing allowed better
identifying the damaged areas on specimens.
Keywords: aeronautical component, CFRP, NDT, pulsed thermography, standard defects,
thermal contrast.
INTRODUCTION
Material defects are the major sources of composite failures. The defects in FRP composite
Structures could be divided in manufacturing defects (delamination, voids, porosity, micro
cracking, etc.) and in-service defects (impact or fatigue damage, Cracks, Debonding,
Delamination, Erosion, etc.). In general, a combination of different and contemporaneous
voids, matrix cracks, and multiple delaminations is present. Structural integrity is a
formalized process that uses advanced non-destructive testing (NDT) methods in order to
detect, localize and determine the damage risk (Gholizadeh, 2016).
Thermal methods are most effective for thin laminates or for defects near the surface. We can
adopt the passive or the active approach (Czichos, 2013). Active thermographic techniques
include Pulse thermography (PT), which consists of rapidly heating the specimen and then
recording its temperature decay curve and in authors’ opinion is still a valid an robust
technique. The free-defect areas conduct heat more efficiently than defective areas and the
amount of heat that is either absorbed or reflected indicates the quality state of the inspected
area (Dattoma et al., 2017).
MATERIALS AND METHODS
CFRP components
For the optimization and the calibration of better signal algorithm processing, standard
specimens with artificial defects, built with expanded polystyrene inserts, are used; these are
crucial to determine the threshold detectability limits of the proposed technique in an
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improved way (Carofalo et al. 2014): defect size, depth, and type in order to certify the
inspections.
The CFRP specimens are aeronautical production plates assembled to englobe artificial
defects: two plates with different thicknesses were realized by bonding of two square
laminates (120.7 x 120.7 mm2) with a central hole according to the constructive drawing
(Figure 1). The plates of different thicknesses are glued together and expanded polystyrene
defects are inserted between plates in order to simulate delaminations. The different sizes of
defects allow us evaluating the influence of their size, depth (different if measured from the
opposite sides) and thickness for a possible and reliable detection (A. P. Carofalo et al.,
2014).

(a)

(b)
Fig. 1 - Drawing of artificial defects position on the plate I (a) and on the plate II (b).

Furthermore, the defects have different sizes to evaluate the influence of dimension, depth and
thickness on their detection possibility. The original laminate plates are with symmetric
lamina oriented ±0/90°, coupled with ±45°at borders with different thicknesses (A. P.
Carofalo et al., 2014). The polymeric disks were glued individually or in pairs in order to
create a thickness of 0.6 mm and 1.2 mm respectively. In both specimens (Figure 2), the
defects can be observed at two different depths from external surfaces. In particular, in the
plate-I, the thickness of the laminates are 4.9 mm (side A or 14 layers) and 2.8 mm (side B or
8 layers), for a total of 7.7 mm. Instead, in the plate-II, the thicknesses of the single laminates
are respectively 2.1 mm (side A or 6 layers) and 2.8 mm (side B or 8 layers) for a total of 4.9
mm.

(a)

(b)
Fig. 2 - Structure of the plate-I (a) and of the plate II (b).

-230-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

The plate I allows to analyze defects of elevate depth. Defects with different sizes are created
to study the relationship between the detection of a defect according to its size and depth
together. The aim of lower specimen thickness is to verify the possibility to analyze artificial
defects of the same nature but with a smaller diameter. For this reason, the side-A of the
plate-II is covered with non-shiny black paint to eliminate reflection problems. This solution
is useful because the 5 mm diameter defects are inspected with particular care on that side of
the specimen. The information in terms of thermal conductivity and density of the CFRP
constituents are shown in Table 1. The resin is an epoxy resin EC 130 LV and the hardener
W340 with ratio 100:37 (produced by Altana Varnish Compounds).
Table 1 - Mechanical properties of carbon fibre and epoxy resin of plates’ material.
Material

Density
[g/cm3]

Young
modulus
[Mpa]

Ultimate
stress
[Mpa]

Areal
weight
[g/m2]

Thermal
conductivity coef.
[W/mK]

Ultimate
strain
[%]

Carbon fiber

1.65

/

/

240

~15

/

Epoxy resin

1,14÷1,16

2900÷3100

75÷80

0.1919

~0,22

8,5÷9

Table 2 - Artificial defect’s geometry in the plates.
Defect

1

2

3

4

5

6

7

N. Defect in plate-I

1

2

1

3

2

1

3

N. Defect in plate-II

1

4

1

3

1

1

3

Diameter [mm]

25

10

15

5

10

15

5

Thickness[mm]

0,6

0,6

0,6

0,6

1,2

1,2

1,2

In addition, an aeronautical multi-stringer component of medium size (Dim. 914.4 x 762
mm2) in carbon fibre laminates is studied; Figure 3(a) shows the geometry of the structural
multi-stringer component. All laminates are CFRP laminates with different ply layers (Table
3). In this component, rivets secure the ribs on the skin. The component presents an artificial
discontinuity in the form of a large cut (Dim. 152.4 x 6.35 mm2) with extremities. This
artificial damage on the skin interrupts the central stringer and simulates the presence of
impact damage on the stringers ‘area (Figure. 1 (b)). The information in terms of material and
lamina properties constituents are shown in Table 3.

(a)

(b)
Fig. 3 - CFRP multi stringer multi-stringer component’s geometry (a) and artificial
damage’s geometry (b).
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Table 3 - Properties of composite parts of multi-stringer component.
Part
component

Sub-Part
component

Material

Skin

Skin Thin
Skin Big

Stringer
Rib

N°
plies

layup

IMS/977-2

Lamina
Thickness
[mm]
0,186

20

[45/90/-45/-45/45/90/0/-45/45/0]S

IMS/977-2

0,186

24

IMS/977-2
HTA/977-2

0,186
0,208

12
12

[45/90/0/0/-45/-45/45/90/0/45/45/0]S
[45/90/0/0/-45/0]S
[45/0/-45/90/45/0]S

Experimental setup and inspection methods
Thermographic tests have been conducted in the Experimental Laboratory located in the
Engineering Faculty of the University of Salento. Thermographic set-up means both the
equipment used to test and the appropriate arrangement to carry out the test, proved influent
in results.
The equipment used to conduct thermographic tests consists of an array of four halogen
lamps, each of 1000 W that generate the light signal, a wave generator (which controls the
various excitation sources), SC7700 model 7500M thermal camera of FLIR Advanced
Thermal Solutions (Detector Materials In-Sb, 320×256 pixels) and custom processing
software.
In thermal tests, the CFRP plate’s surface is positioned at a distance of 0.5 m from lamps.
Figure 4 show the best lay-up of the thermographic setup that will be used for all the tests.

(a)

(b)
(c)
Fig. 4 - Top view (a) and lateral view (b) of the thermographic setup for CFRP plates’ acquisition and
experimental setup (c).

Employing this set-up, optimized to obtain an optional uniform heating of the exposed
surface, twelve total tests are conducted: six on the plate-I (three for both sides) and six on the
plate-II (three for both sides), by selecting different heating times (Table 4).
Table 4 - Scheduling tests for the investigations with different heat pulses.
Specimen
CFRP plate-I on side B
and plate-II on both sides
CFRP plate-I on side A

N°
Test

Frame rate
[Hz]

Acquisition
time [s]

1
2
3
1
2
3

5
5
5
5
5
5

200
200
250
100
100
100
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Heating time
[s]
12
15
20
20
30
40

Total
frames
1000
1000
1250
500
500
500
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For the multi-stringer real component, the surface is positioned at a distance of 0.72 m from
the four Halogen lamps 1000 W. Figure 5 shows the lay-up of the thermographic setup that
will be used for all the tests described in the case of large computed inspection.

(a)

(b)

(c)

Fig. 5 - Top view (a) and lateral view (b) of the thermographic setup for multi-stringer component’s acquisition.

Employing this set-up, performing tests of thermography pulsed on CFRP multi-stringer
component, to obtain a uniform heating of the exposed surface (central zone), five total tests
are conducted, by selecting different times heating (Table 5).
Table 5 - Scheduling tests for the multi-stringer component’s investigation
Specimen

CFRP aeronautical
multi-stringer
component

N°
Test

Frame rate
[Hz]

Acquisition
time [s]

Heating time
[s]

Total
frames

1

5

30

3

150

2

5

60

7

300

3

5

50

10

250

4

5

120

15

600

5

5

70

20

350

Thermal contrast results
The thermal contrast is basic parameter for defect localization by means of Pulsed Thermal
NDT. The surface temperature contrast is used to investigate the defect detectability, using
pulsed transient thermography (Dattoma et al., 2012).
A preliminary algorithm can be implemented in the MATLAB environment, to upload the 3dimensional matrix of thermal frames and to return selected thermal maps of specimen for
various tests, highlighting in particular various heat accumulation sites obtained over time,
between free-defect areas (intact zones), and damaged areas (Dattoma et al., 2017). The
absolute contrast CA is defined by the equations (1).
12 345 = 678 345  698 345
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Where the two term are the mean temperature in the reference area and the 'DZ' and 'IZ' refer
to the defective and intact zones at given time (t) during the cooling transient phase. Absolute
contrast method has limitations due to the used set-up and the operator choice of ideal areas
for the contrast computation test. Therefore, the main drawback of classical thermal contrast
analysis is establishing an arbitrary intact zone for each selected defect, especially if
automated investigation is needed. Even when undamaged zone definition is straightforward,
considerable variations of results are observed with the location choice of free-defect zone
(Dattoma et al., 2017) and also with the dimension choice of the identified damaged window.
The Source Distribution Image (SDI) is generally used for selecting a free-defects portion of
the specimen that presumably receives the same thermal flow of the corresponding damaged
area (Boras et al., 2010).
In Figures 6 (a) and (b), the thermograms analysis at the beginning of the cooling phase
allows us to estimate the heat distribution quality in terms of its uniformity, as well as the
presence or absence of pre-accumulation of heat in the defective areas.

(a)

(b)

Fig. 6 - Maps of isotherms at the beginning of the cooling phase for artificial plate-I, side B (a) and for the
damaged zone of real component (b) using respectively heating times of 20s and 3s.

The analysis of the isotherms from cooling thermograms shows the non-uniformity of heat
deposition on the component; the used CA algorithm takes into account the SDI method
during the selection of the intact points, corresponding to the previously determined defective
regions as indicated in Figure 7(a). Based on the principle of equal excitation energy, the SDI
approach should minimize errors in absolute thermal contrast evaluation.
After choosing a thermal frame, where the defects are more distinguishable, the algorithm
provides an interactive analysis procedure for selected defective and intact zones section. This
procedure is automatically iterated many times for all defects; Figure 7 (a) shows a
thermogram example of plate -I for processing a 25 mm diameter defect (dif1), the 10 mm
diameter defect (dif2) and reference intact zone (int1). In the same way On the central damage
of the multi-stringer component, the thermogram of Figure 7(b) highlights the left (dif1) and
right (dif2) damaged areas near the central cut and the reference intact area (int1), since the
component has been previously loaded under compression and damage has been accumulated
around the artificial discontinuity.
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(a)

(b)

Fig. 7 - Thermal image of plate-I obtained after 11.6 cooling seconds after heating pulse of 20s (a) and display of
temperature for aeronautical component after 1 cooling seconds and heating pulse of 3s (b).

From temperatures acquired in the selected spots, the Matlab routine calculate the diagram of
absolute contrasts, as calculated in the selected zones. The code provides diagrams of absolute
contrast Ca during the time, defined in equation (1)
These diagrams allow for a more reliable comparison between the various damaged zones.
Figure 8, 9, 10 and 11 show examples of typical thermal profiles in the intact zones and the
defective area and the relative Absolute contrast trend.

(a)

(b)

Fig. 8 - Thermal profiles (a) and the Absolute contrast examples (b) for defect-1 (Ø 25 mm) and
intact area (int1) for plate-I.

(a)

(b)

Fig. 9 - Thermal profiles (a) and the Absolute contrast examples (b) for defect-2 (Ø 10 mm) and
intact zone for plate-I.
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(a)

(b)

Fig. 10 - Thermal profiles (a) and the Absolute contrast examples (b) for defect on left side and intact area
for the multi-stringer component

(a)

(b)

Fig. 11 - Thermal profiles (a) and the Absolute contrast examples (b) for defect on right side and intact area
for the multi-stringer component

The following Tables 6 and 7 report the detected maximum values of absolute contrast
(Ca_max), as evaluated for the two defects in computation zones for plate-I of different size.
The first table shows results for rectangular shape computation zone for intact and defective
areas, as seen in Figure 7 (a). The second table compares results for rectangular and circular
shape zones, as seen in Figure 12, showing higher contrast values in the case of rectangular
shapes with respect to circular shapes for defect 1. These tables show the randomness of data
with the operator choice of both shapes and size for both reference intact and damaged area.
Table 6 - Maximum Absolute Contrast Value for rectangular computation shape zone
CA_MAX VALUE OF DEFECT 1 [°C]

CA_MAX VALUE OF DEFECT 2 [°C]

Intact
computation
zone (px2)

CA in Defective
computation zone N.°
1 (20 x 30 px2)

CA in Defective
computation zone N.°
2 (10 x 15 px2)

CA in Defective
computation zone N.°
1 (8 x 14 px2)

CA in Defective
computation zone N.°
2 (5 x 10 px2)

14 x 12

4.0222

4.7220

0.8999

0.9935

21 x 30

4.8662

5.5675

1.7359

1.8294

14 x 20

3.7277

4.4331

0.6209

0.7178

19 x 20

3.4096

4.1125

0.3674

0.4614

13 x 20

3.8448

4.5466

0.7502

0.8411

Mean value

3,97

4,68

0,87

2,00

0,55

0,55

0,52

0,55

Standard
Deviation
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Fig. 12 - Thermal image of plate-I with circular reference zones and defect’s relative Absolute
contrast examples.
Table 7 - Maximum Absolute Contrast Value for rectangular and circular computation shape zone
CA_MAX VALUE OF DEFECT 1 [°C]
Rectangular shape area

CA_MAX VALUE OF DEFECT 2 [°C]

Circular shape area

Rectangular shape area

Circular shape area

14 x 12

CA in
Defective
area N.° 1
(20 x 30
px2)
4.0222

21 x 30

4.8662

30

0.9066

21 x 30

1.7359

30

1.4950

14 x 20

3.7277

20

1.1117

14 x 20

0.6209

20

1.6824

19 x 20

3.4096

16

2.3827

19 x 20

0.3674

16

2.9002

13 x 20

3.8448

18

1.6937

13 x 20

0.7502

18

2.1218

Mean value

3,97

1,47

0,87

2,00

Standard
Deviation

0,55

0,58

0,52

0,55

Intact zone
(px2)

Intact
zone
(Ø px)

CA in
Defective
zone N.° 3
(Ø 33 px)

Intact
Zone (px2)

CA in
Defective
zone N.° 1
(8 x 14 px2)

Intact
Zone
(Ø px)

CA in
Defective
zone N.° 3
(Ø 9 px)

14

1.2740

14 x 12

0.8999

14

1.8082

In the tables, we can notice that the intact zone’s choice significantly influence the analytical
determination of the thermal contrast curve and the consequent evaluation of the Ca_max,
used to characterize the defect criticality. From the previous image, sometimes the heating is
not uniform on the specimen surface, the defect’s size influences the Ca_max and the choice
of intact areas is a determining factor in the contrast computation.
Custom field contrast results
The determination of the thermal contrast has two limitations: the assumption to know the
reference non-defective zones of specimen and the dependence of the thermal contrast from
the choice of the intact and defective zone analysis. Another limitation is that the analysis is
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done at the local level and undergoes preliminary choices of the operator on thermograms.
Sometimes, the heat quantity deposited by the external source is not uniform, so different
zones have different cooling temperatures and gradients and different defects can be
misjudged as identical.
SDI method allows us to analyze a single defect at a time: therefore, it was necessary a new
algorithm method to be implemented on Matlab and take in account such limitations and
improve the thermographic-processing technique, to enhance the inspection of defects in
terms of accuracy.
A new contrast algorithm is based on a method with allows defect mapping defined by the
value of contrasts, as distributed completely on inspected specimen. Therefore, the method
automates the detection and mapping simultaneously of the local contrast to identify defect
boundaries onto the whole surface. In other words, the local contrast is automatically
determined investigating the zone with highest temperature in pre-defined areas.
For each pixel of the thermographic image, new Matlab procedures rework the differences of
the reference temperatures determined in the two-dimensional array of pixels in the proximity
of the calculation point. This algorithm is based on the principle for which the reference
temperatures evaluated around the chosen inspected spot tend to reach similar values when
overpass the defect border, leading to small Local Contrast variations whose values are
displayed with zero edges on contrast maps, clearly distinguishing the damaged zones and
defect shape. The iterative calculations for all pixels on specimen allow achieving defect
representation for the whole specimen. Figure 13 shows a Comparison between original
thermal map (a) and the proposed Contrast Image (b) of CFRP plate-I on side B (defects’
depth of 2.8 mm) obtained after 11.6 cooling seconds after heating pulse of 20 s.
(∆T)

(°C)

(a)

(b)

Fig. 13 - Comparison between Thermal map (a) and Contrast map (b) of CFRP plate-I (side B).

Despite the heating not ideal, the contrasts map allows easily identifying even the smallest
defects up to 5 mm of diameter in a single spot (top left). The proposed contrast resulted by
local temperature differences allows the evaluation of internal defects and is physically
explained by the fact that the thermal properties of defects are different from those of the
surrounding material.
Contrast mapping has been optimized in order to highlight the most reliable boundary for the
found defects of various types in carbon fibre and glass fibre plates, significantly reducing the
background noise effects and possible defective indications.
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Figures 14 and 15 other examples of thermal and contrast maps obtained on CFRP plates. In
the contrast map of plate-II on side-A (Figure 15(b)), four small defects of 5 mm diameter are
clearly distinguished.
The greater depth of defects in the plate-I/ side A (4,9 mm of depth) causes difficulty of plate
inspection and therefore we use longest heating times (Table 4). However, higher heating
times do not allow smaller defects detection; therefore, it was not possible to identify defects
with less than 15 mm diameter. From CFRP plate-II acquisitions, the heating time of 15s
allows us to detect more clearly the greatest number of defects.
(∆T)

(°C)

(a)

(b)

Fig. 14 - Comparison between Thermal map (a) and Contrast Image (b) of CFRP plate-I on side A obtained after
39.4 cooling seconds after heating pulse of 30 s.
(∆T)

(°C)

(a)

(b)

Fig. 15 - Comparison between Thermal map (a) and Contrast Image (b) of CFRP plate-II on side A obtained
after 5 cooling seconds after heating pulse of 15 s.

The authors performed UT inspections for a preliminary evaluation of the damaged areas
around central cut under compression load test of the real component. Olympus Omni-scan
MXU is the test instrument used, with an innovative technological 64 elements Phased Array
(PA) probe.
The Phased Array system uses the physical principle of multiple progressive waves, varying
the time between a series of ultrasonic pulses. So the wave front generated by each element of
the array at slightly different times combines with other elements pulses to direct and shape
the intact beam and achieve a sharp focus and different beam direction (A. P. Carofalo et al.,
2014).
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In the Figure 16, an example of ultrasonic control with the Phased Array technology is
showed around the central damaged zones; the ultrasonic local sectional scans showed the
presence of widespread defective areas around the cut extremities.
In Figure 17 there is the whole C-scan mapping of the damaged area, in the functional
direction along the simulated impacted zone, where is clearly highlighted the delamination
zones’ extension.

Fig. 16 - Ultrasonic inspection over the multi-stringer component’ surface.

Fig. 17 - C-scan inspection over the multi-stringer component’ surface on damaged zone along the artificial cut.

The thermal acquisitions of aeronautical component are successively focused on impact
damage area in order to identify data correlation with UT controls. Several acquisitions
described in the table 5 were carried out for the aeronautical component and with heating time
of 3s and 7s are shown in Figures 17(a) and 17(b) respectively, as an example.
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(∆T)

(a)

(∆T)

(b)

Fig. 17 -Contrast map of multi-stringer component using heating pulse of 3s (a) and using heating pulse of 7s.

Thermal results are conform to obtained ultrasonic inspections, but in this case, the local
contrast map seem to under estimate the defect extension with respect to UT results. This is
due to the need to calibrate the method algorithm on the specimen sizes and materials.
Finally, the matlab scripts were refined to create contrast maps without the false defective
indications, which are sometimes present in the previous maps, and to improve the contours
of the standard defects. The development of the new algorithms improves thermographic
analysis procedure for detection and quantification of dimensional FRP bonding defects.
Figure 18 shows a comparison example between different Contrast maps obtained with new
matlab scripts, modifying the algorithm equations.

Fig. 18 - Comparison between different Contrast maps of CFRP plate-II on side-A, with modified scripts.

CONCLUSIONS
The contrast maps allow highlighting all the defects displayed in the corresponding thermal
maps; the larger defects’ diameters are more noticeable than others, either on side A or 6
layers side and on either side B or 8 layers side on both type of specimens. The depth at which
the defects are located determines the thermographic visibility of the smaller ones. Obviously,
the defects observed in the side A are more easily identifiable and are greater in number than
those on the two side B because the side A has a lower thickness than the other ones.
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The new contrast pattern allows us to visualize the defects edge, with a dependency on the
depth and thickness of the defect itself, but there are limitations. In fact, the definition of the
image and the optical focus do not depend on the algorithm, but from the choice of thermal
camera and set-up for the acquisitions.
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ABSTRACT
This study presents an investigation on the strength of spot welded joints between a plate
made of DC01 steel and a non-standard nut made by cold forming of C22 steel. In order to
determine the influence of the welding current on the quality of such welded joints, three
types of test specimens were produced using different welding currents. The strength of the
welded joints was studied and microstructural analysis was carries out as well as the hardness
of the welded contacts was measured.
Keywords: spot welding, welded joints, welding parameters.

INTRODUCTION
Spot welding is a widely used process in many industries. This process can be easily
automated as it does not require additional components. In the automotive industry, spot
welding is used in the entire cycle from joining of body parts to welding of various fasteners.
Nuts and bolts for spot welding are designed with embosses which melts during welding in
such way producing a welded joint.
Burca and Lucaciu (Burca, 2013) investigated joints between M8 nuts and thin (up to 3 mm)
sheets by the projection welding method of electric welding by pressure derived from spot
welding by pressure to which the joint is made by flanges. Marashi et al. studied dissimilar
resistance spot welds between low carbon galvanized and austenitic stainless steels (Marashi,
2008). They studied the relationship between failure mode and weld fusion zone
characteristics and found that spot weld strength in the pullout failure mode is controlled by
the strength and fusion zone size of the galvanized steel side. The microstructure, fracture and
fatigue behaviour of resistance spot-welded cold-rolled high strength austenitic stainless was
analysed by Liu et al. (Liu, 2010). It was stated that the improper welding parameters easily
caused folding interface in HAZ between welded-sheets. Sometimes determining the quality
of a welded joint, the diameter of the welded point is evaluated as the investigated parameter.
This parameter is strongly influenced by the welding current. That phenomenon was studied
by M. Vural, A. Akkus, B. Eryürek (Vural, 2006).
As the welding parameters highly affect the welding quality, this paper investigates the
influence of the welding current on the quality of spot welded joints of a nut and a thin sheet.
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EXPERIMENTAL SET UP AND RESULTS
The strength test was carried out using a 25-ton tension-compression machine. Three types of
specimens were manufactured, when the welding current I was altered, and the other
parameters were unchanged. The specimens of the first type were welded with a welding
current of 9.2kA, the specimens of the second type were welded with a current of 7.5kA, and
The specimens of the first type were welded with a current of 9.7kA. After the strength test, a
specimen is shown in Figure 1.

Fig. 1 - Specimen after tensile test
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Fig. 2 - Tensile test results

The results after the tensile strength test are shown in Figure 2. It was found that the
specimens that were welded with a current of 7.5 kA were able to withstand a longer time and
broke down at 7749N. Meanwhile, the specimens that were welded with higher welding
current broke down with a lower tensile force (when the welding current strength was 9.2kA
at 5808N and the 9.7kA at 6402N).
A microstructural analysis was performed to compare the welded joints welded with different
parameters and to determine the quality of the welded joint.
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Three zones of microstructure can be distinguished by examining the sources. The first one is
the base metal (BM), in this case it is the plate to which the non-standard nut was welded. The
second zone is a welded nut (WN). The third zone is the molten metal (FZ) between the nut
and plate, where the merging process takes place.

Fig. 3 - View of the microstructure of the first type of specimen

In the case of the first sample (Figure 3), when the welding current is 9.2 kA, it is seen that
the asymmetry of the central FZ zone appears. Most often this symptom is due to the different
thermal properties of metals, since the nut and test plates are made of different steel. Another
cause of asymmetry can be the different geometry of the elements. In this case, we conclude
that the nut material has a higher thermal conductivity than the parts.
When evaluating a second specimen with a welding current of 7.5 kA, we can distinguish the
same zones as in the first sample. As shown in Figure 4, the FZ zone is asymmetric as in the
first sample.

Fig. 4 - View of the microstructure of the second type of specimen

The HAZ area is larger on the nut side, but it is seen that in this specimen the HAZ area on
the side of the part is smaller than in the first sample. Figure 4 shows welding defect - the
hollow cavity. This zone is marked with letter B and shown in Figure 5.
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Fig. 5 - Zone B of the microstructure of the second type of specimen

In addition to the formation of separate metal structures that do not connect with the rest of
the sample, it shows that there was an explosion in the metal in this area. The formation of
this zone affects the strength of the welded joint. When the metal is thermally exposed, when
structural changes occur, internal stresses are formed inside it, which may lead to the
formation of micro-cracks after reaching a certain limit. Fig. 4 shows lines that are microcracks in the material.
CONCLUSIONS
Investigation of the strength of welded specimens was performed. It was found that the
specimens that were welded with a current of 7.5 kA were able to withstand a longer time and
broke down at 7749N.
Microstructure study of welded specimens was performed also. The microstructure of the
specimens was analysed and the welding contact zones were determined. The welding contact
zone was found to be asymmetric since materials have different thermal conductivity. This
material parameter has a major influence on the asymmetry of the welded area. It has also
been found that welding with higher welding current leads to more micro-cracks.
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ABSTRACT
Widely used in industry and academia to evaluate the drawability of a material, the Swift cup
test provides as a result value known as limiting drawing ratio (LDR), which quantifies the
maximum reduction between the initial and final diameters of a metal sheet, in the deep
drawing process. This work aims to determine the Aluminum Alloy EN AW-1100 limiting
drawing ratio at different temperatures (25° C, 220° C and 350° C). For this purpose, it was
used numerical simulation of the Swift cup test.
Keywords: limiting drawing ratio, swift cup test, sheet metal forming, finite element method.

INTRODUCTION
The sheet metal forming process called deep drawing has become a studying target, due to its
wide possibilities of application and reproducibility. Reasons by which it is characterized as
an ideal process to a large-scale production. It can be used from producing simple household
utensils (pots, pans, etc.), to manufacturing car body parts in the automotive industry.
Intending to measure materials drawability and simulate the industrial production conditions,
were run some tests. Among them may be highlighted Erichsen Cupping Test, Olsen Cup Test
and Swift Cup Test.
Swift Cup Test consists of pulling a sheet metal blank into a die cavity, using a drawing force,
which is applied by a tool called punch. The die and punch diameters are 52.5 mm and 50
mm, respectively (Boljanovic, 2003; Button; Bortolussi, 1999; Dieter, 1984). The blank
diameter is increased until the material failure. It is taken the last diameter, that can be drawn
successfully, and the diameter of cup made in the process (Rodrigues; Martins, 2005). The
obtained value is known as limiting drawing ratio (LDR), which is calculated by the
following relation:
LDR = D/d

(1)

Where:
D = the maximum blank diameter;
d = the diameter of cup made.

-247-

Topic-C: Experimental Mechanics and Instrumentation

Various parameters can modify the value of LDR in the Swift cup test. This work aims at
studying the LDR variation, of the Aluminum Alloy EN AW-1100, as a function of the
process temperature, using finite element methods.
METHODOLOGY
Tensile tests were performed on Aluminum Alloy EN AW-1100 samples, using a universal
machine for mechanical testing INSTRON/EMIC 23-300 and in accordance with ASTME8M standard. To maintain the test specimens at the desired temperature during the entire
test, an electric resistance with a power of 550 W (220 V voltage) was used as shown in
Figure 1. The temperature control was implemented with the use of a universal controller with
PID Auto-adaptive Fuzzy C100.

Fig. 1 - Resistance for heating in the tensile test

Tool components (punch, die and blank holder) were designed in the Autodesk Inventor®. A
fixed blank holder was used instead of movable. The drawn components are shown in Figures
2A, 2B, 2C.
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Fig. 2 -A) Die B) Blank holder C) Punch

It was decided to use the fixed blank holder in the matrix. The blank holder has a thickness of
1 mm feature (exactly the thickness of the plate), which allowed the positioning of the plates
in the center of the tool, and exerted on it a force, keeping it parallel to the surface of the
matrix until the end of the test. In the present study, the blank holder also had the purpose of
allocating the ceramic strength to keep the plate heated throughout the test. The die and die
set and their respective base plates were screwed using M6 screws. Four slits were opened in
the plate blank holder, one to allow the positioning of the plates in the center of the matrix,
and the other three to allow the entry of three rulers, which serve to centralize the plates to be
tested.
The process simulations were made through ABAQUS/CAE® Software. Parameters of the
simulation were considered the matrix, and punch and the plate press as rigid elements and
the plate as flexible element (Azevedo, 2003). With all parameters in place, the diameter of
the test plate was gradually increased until rupture, thus allowing the calculation of the LDR
of the material and the comparison with the practical tests.
The values of the parameters used in the simulations are shown in Table 1.
Table 1 - Parameters used in the simulations
Parameter

Value

Thickness of the blanks

1.2 mm

Coefficient of friction

0.1

Diameter of the punch

50 mm

Diameter of the die throat

52.5 mm

Diameter of the blanks

80 - 120 mm

Punch and die corner radius

6.36 mm

Poisson's ratio

0.33

Coefficient of thermal expansion

23 x 10-6 °C

The coefficient of friction, diameter of the punch, diameter of the die throat and punch/die
corner radius values were found in the Kumar and Reddy (2014) article.
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RESULTS AND DISCUSSION
The simulations at different temperatures (25°C, 220°C and 350°C) were performed, resulting
in a LDR value, for the Aluminum Alloy EN AW-1100, of 2.2. It was observed that was no
difference in the LDR values with the temperature variation. This LDR value (2.2) was
compared to the value obtained by Kumar and Reddy (2014), which was 1.904, and it was
observed that these values were not so close. One of the factors that help to explain the
difference found is the use of a fixed blank holder, instead of movable, like the authors.
The stress-strain curve of the material was obtained at predetermined temperatures (25°C,
220°C and 350°C). These tests were performed in order to obtain some mechanical properties
of the material, such as elastic modulus and the plastic range as well, to be used in the
simulations. Table 2 shows the values of the modulus of elasticity of the material for each
temperature and Table 3 shows the values of the tensile strength limit of the material as a
function of the test temperature.
The results from the tensile tests are shown in Figure 3.

Fig. 3 - Tensile test results

As expected, there was a drop in the value of the material modulus as the temperature of the
test increased.
Table 2 - Aluminum modulus as a function of temperature
Temperature (°C)

Modulus of elasticity (MPa)

25

61183

220

53113

350

32781

The values of the tensile tensile strength tensions were observed to fall as the test temperature
increased, as expected, as the strength of the material fell when heated.
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Table 3 - Tensile strength of aluminum as a function of temperature
Temperature (°C)

Tensile Strength Limit (MPa)

25

149,52

220

132,5

350

112,95

With the data of the tensile tests, the design performed in Autodesk Inventor® software, the
Poisson modulus of the material (0.33) and its coefficient of thermal expansion (23 ; 10=> °
C) the simulations of the Swift Test of the Aluminum EN AW-1100 at each pre-set
temperature. Observing the work of Kumar and Reddy (2014), a coefficient of friction (µ)
equal to 0.1 was used.
The Swift test simulations were started at a temperature of 25° C with a plate of 80 mm
diameter, and the initial diameter of the plate was gradually increased until rupture. This
procedure was repeated for temperatures of 220 and 350° C. After the rupture, the last plate
was taken in which there was no failure and the ratio between the initial diameter (before the
test) and the final diameter (50 mm) was made, this value being the LDR of the material.
Figures 4 and 5 present the test simulation at 25° C, with diameters of 110mm (no rupture)
and 112 mm (rupture), respectively.

Fig. 4 - Simulation at 25° C and diameter of 110 mm (no rupture)
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Fig. 5 - Simulation at 25° C and diameter of 112 mm (rupture)

The value of 2.20 was found by calculating the LDR of the material at the temperature of 25°
C. Kumar and Reddy (2014) in their simulation, for the same material, found an LDR value
equal to 1,904. However, the authors opted for the use of a movable plate press, with a force
of 500 N on the plate.
This may be one of the factors that explain the difference in LDR values found. Table 4
shows the values of the initial and final diameters at each test temperature, as well as the LDR
calculated for each temperature during the simulations.
Table 4 - LDR values calculated for each test temperature
Temperature (°C)

Ø Initial (mm)

Ø Last (mm)

LDR

25

110

50

2,200

220

110

50

2,200

350

110

50

2,200

It was observed during the simulations that the LDR values for the EN-AW-1100 Aluminum
Alloy did not change, regardless of the test temperature. A factor that helps to explain this
behavior is the deformation of the aluminum, observed during the tensile tests, which
presented very close values, independent of the test temperature.
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TOOL CONSTRUCTION
By observing the design, the components (die, punch and plate press) were machined and
Figures 6A, 6B, 6C, 6D shows the components of the tool already machined. With the parts
ready, the assembly and the necessary adjustments in the tool were started.

Fig. 6 - A) Die B) Blank holder C) Punch D) Tool for performing the Swift test

SWIFT TEST
The tests were initially carried out at a temperature of 25 °C. According to Kumar and Reddy
(2014), the LDR for aluminum EN AW-1100 equals 1,904.
Knowing that the final diameter is constant and equal to 50mm, it was expected that the
maximum initial diameter of the plate, without the rupture, was approximately 95mm.
The tests were started with a plate having a diameter of 82 mm and the plate diameters were
gradually increased until the specimen was ruptured.
As expected, the material supported the test up to the 95mm diameter, and from the 96mm
diameter there was rupture of the specimens, providing an LDR of 1,900 that is practically the
same as that found by Kumar and Reddy (2014). Figures 7A, 7B, 7C shows some specimens
after the tests.

Fig. 7 - A) Specimens after the test; B) Test specimens after the test (without rupture);
C) Test specimens after the test (with rupture)

CONCLUSIONS
According to the present work it is concluded that the Aluminum Alloy EN AW-1100
presents an excellent drawability, with a limiting drawing ratio (LDR) of 2.2. It was also
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observed, during the simulations, that the process temperature did not influence the value of
the limiting drawing ratio for this material. Several parameters influence the value of the
limiting drawing ratio, such as: Punch and die corner radius, friction between the blank and
the tool, force of the blank holder, etc. These parameters must be observed when comparing
the results obtained in the studies of the drawability of a certain material.
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ABSTRACT
In this study, different microstructural conditions of an HP centrifugally cast austenitic
stainless steel were determined based on the alteration of its electromagnetic properties. The
eddy current testing (ECT) method, based on a Hall sensor as a detector, has been developed
to detect changes in the electromagnetic properties of an austenitic steel samples. Results
suggest that the proposed method is a potential non-destructive method for the
characterization of heat-resistant austenitic steels with different microstructural condition.
Keywords: heat-resistant steel, non-destructive inspection, eddy current testing.
INTRODUCTION
Heat-resistant austenitic HP steel tubes are commonly used in steam reformer furnaces. As
they are exposed to harsh environmental conditions, their microstructure changes as a
function of the service temperature [1]. According to the operational temperature, the as-cast
steel undergoes several microstructural changes that contribute to decrease the tubes
remaining life, being important to evaluate the properties of the steam reformer tubes in order
to avoid unwanted failures and huge economic losses. Microstructural variations also carries
electromagnetic properties changes [2], which suggests that electromagnetic non-destructive
testing methods can be applied to correlate the microstructural condition with the magnetic
response of the steam reformer tubes. For this purpose, an eddy current testing (ECT) system
has been developed to test three specimens extracted from the same reformer tube that was in
service during 90,000 hours. The samples were taken from three different regions of the
furnace operating at temperatures close to 600 °C, 700 °C and 1,000 °C, respectively. The
experimental results show a clear change in the amplitude and a phase-shift in the magnetic
field values measured according to each microstructural condition. This study suggests that
ECT can be a reliable method to correlate the changes of electromagnetic properties with the
microstructural condition of the reformer tubes.
RESULTS AND CONCLUSIONS
Figure 1 shows the block diagram of the eddy current system that was developed and used to
characterize the test samples. The system consists of a current generator to drive the probe, an
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amplifier to amplify the Hall-sensor output voltage and a data acquisition system to acquire
the data with a sampling rate of 1.2 MS/s. The probe consists of a pancake excitation coil and
a Hall sensor placed at bottom axial center of the excitation coil in order to detect the
magnetic field, which is perpendicular to the surface of the test specimen. The probe has a
sinusoidal excitation current with 100 mA of amplitude at 2 kHz.

Fig. 1 - Schematic diagram of the eddy current
system.

Fig. 2 - Amplitude vs. phase-shift in samples
exposed to different temperatures.

Two features, i.e., the amplitude and phase-shift (between excitation field and sensed
magnetic field) were obtained to interpret the experimental results and used to determine the
magnetic response of each sample. A current sampling resistor of 10 Ω is connected in series
with the coil. The voltage drop across this resistor is used to calculate the phase difference
between the coil current and total magnetic field (Hall-sensor voltage). The amplitude and
phase-shift values of the magnetic field correspond to 1000 evenly distributed points taken
over the tubes surface. Data was obtained by scanning the perimeter and length in each of the
three tubes exposed to temperatures of 600°C, 800°C and 1000°C, as shown in Figure 2.
From the graph, it is observed that three different samples are clearly distinguishable.
According to these results, one can conclude that the change in the electromagnetic properties
of the samples can be related with microestrutural variations caused by the service
temperature.
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ABSTRACT
This work presents the development and experimental validation of eddy current probes for
high temperature (300 ºC ~ 500 ºC) pipe inspections. The modules (probes and chassis) were
customized to operate as part of an automated scanner system and to be adapted to steel pipes
geometries and to operation temperature levels. The project includes a refrigeration system
and uses thermal isolation materials to stablish an adequate operation environment to the
temperature sensible probe components. The experimental results have shown the detection of
artificial standard defects with rectangular and circular geometries even through high probe
lift-offs, as seen in probe numerical simulation comparison. The module operation in the high
temperature range (340 ºC) also was validated.
Keywords: high temperature, eddy currents, pipes.
INTRODUCTION
The temperature of steel pipes in superheated steam transport arises above 300 ºC. These
pipes need operation monitoring to evaluate its integrity and reduce the costs involved in
industrial maintenance stops. There are already developed eddy currents solutions for pipe
inspections (Machado, 2017), but there are few for high temperature operation conditions.
Therefore, a module development for this specific application is necessary (Kawalla, 2010;
Ricken, 2008; Rahman, 2006; Hartmann, 2006).
Other Nondestructive Testing (NDT) methods, such as ultrasonic or liquid penetrant are very
sensible to the temperature of the inspection material. Otherwise, assuming the
electromechanical properties of the inspection material do not significantly vary within this
range of temperature, the main challenge of the eddy current method is translated into a
specific probe architecture development capable to precisely excite and sense the inspection
material through the insulation material and its consequent high lift-off.
SYSTEM DEVELOPMENT
In order to analyse the pipes integrity under this temperature harsh environment, the
developed system uses the eddy current inspection method. The system is constituted by a
pipe support which allows the pipe rotation and probe movement along the pipe face. Besides
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this, there is an electrical resistance heating (Figure 1) inside the pipe to simulate its operation
temperature. Lastly, it was developed two probes: a cylindric helicoidal with ferrite core
(Figure 2) and a planar Printed Circuit Board (PCB) with rectangular coils (Figure 3), both in
bridge configuration. The probes are located inside specific developed cups with TeflonTM as
thermal insulation material. The chassis of the cylindric helicoidal probe was produced with
polylactic acid (PLA) through Additive Manufacturing (AM). The PCB probe uses an
aluminium cover and a PLA support to position the PCB at the bottom of the cup. The probes
refrigeration is made with water through connectors positioned at the top of the probes, which
maintain the internal side of the cup always at a temperature close to the input water. The full
mounted system with the PCB probe is presented in Figure 4.

Fig. 1 - Interior of the pipe with electrical resistance heating.

Fig. 2 - Cylindric helicoidal probe external (a) and cut (b) views.
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Fig. 3 - PCB Probe in bridge configuration, external (a) and internal (b) views.

Fig. 4- Full mounted laboratorial system for high temperature pipe inspection.

RESULTS AND CONCLUSIONS
The helicoidal probe simulation and experimental results from an inspection of an artificial
circular standard defect with 1 mm radius and 0,5 mm depth produced on a sample steel pipe
with 550 mm diameter are shown in Figure 5. The frequency of the inspections was 100 kHz.

Fig. 5 - Artificial circular standard defect inspection: simulation and experimental comparison.
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In Figure 6 the surface scanned from the same sample pipe using the helicoidal probe shows
the same artificial circular standard defect detection. A total area of 6300 mm2 was inspected
and the defect position precisely identified in the centre of the positive and negative peaks.
The high temperature operation was validated with the PCB probe with a 340 ºC inspection of
an artificially produced rectangular defect of 0.5 mm wide, 0.4 mm depth, 10 mm height and
with an angle of 45 degrees (Figure 7) that was made in the same sample pipe. In Figure 7,
the results obtained for high temperature inspection reproduced the defect characteristics of
ones observed at 20 ºC. The small differences between the two temperature curves were
attributed to lift-off variations from the inspection system support mechanical gaps, which
were also responsible by the use of two different inspection frequencies of 2 MHz for 20 ºC
and 500 kHz for 340 ºC.
The pipe temperature monitoring during the high temperature inspection was realized over a
silk covered area with a thermographic camera Fluke Ti400 and an emissivity index of 0.95.
The Figure 8 shows the inspection area temperature obtained during the trial.

Fig. 6 - Pipe scanned surface with artificial circular standard defect detection

Fig. 7 - Inspection temperature comparison.
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Fig. 8 - Infrared temperature monitoring at 340 ºC.
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ABSTRACT
In this work, bending strength properties of porous alumina were investigated to clarify
porosity effects on strength. Three-point bending tests were conducted by using alumina with
three different porosities as well as dense one. It was revealed that the bending strength
decreased drastically as increasing porosity. Cross sections were observed through a laser
scanning microscope to characterize spatial and size distributions of pores. In this study,
based on the observed pore characteristics, a fracture mechanics procedure was proposed by
presuming pores to be surrounded by virtual cracks with specific length. Monte Carlo
simulations based on the proposed procedure were carried out by assuming the same
properties of virtual-crack distribution as those of pore distribution observed in a material.
Strength simulated by using the proposed procedure almost coincided with experimentally
observed one. Consequently, the proposed procedure was confirmed to be efficient in
evaluating effects of porosity and pore-distributions on strength of porous alumina.
Keywords: porous alumina, fracture mechanics, porosity, statistical strength-properties, pore
distribution.
INTRODUCTION
Porous ceramics have higher heat-resistance and larger specific surface area. Therefore,
porous ceramics are expected to be applied to filters and catalysts in energy related
components. Strength properties of porous ceramics should be appropriately evaluated to
guarantee long-term durability, even if their applications are functional ones. In previous
works on porous ceramics, compressive strength but not tensile one was investigated at first
(Eugene, 1953), and then subsequent works were focused on bending strength (Hoshide,
1988; Kawai, 1997). A relation between bending strength and porosity was examined
(Hoshide, 1988), but the range of investigated porosity was limited around 10% or less.
Strength tests using porous ceramics with systematically changed porosity are required so that
correlation of strength with respect to porosity variation can be discussed fundamentally.
In general, strength is expected to become lower in a ceramic material with higher porosity. It
should be taken into account, however, that not only bulk porosity but also spatial and size
distributions of pores must affect strength properties of porous ceramics. There is no previous
study that strength properties of porous ceramics are investigated by considering such poredistributions.
In this work, alumina ceramics having various porosities were selected as one of porous
ceramic materials, and strength properties of porous alumina were investigated by
experiments and simulations. The influence of spatial and size distributions of pores on
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strength properties was experimentally clarified by conducting bending tests using smooth
specimens of porous alumina. Cross sections were observed through a laser scanning
microscope (LSM) to characterize spatial and size distributions of pores. A fracture
mechanics procedure was proposed by considering the observed pore characteristics and by
presuming pores to be surrounded by virtual cracks. Simulations on strength of numerous
samples were also executed based on the proposed procedure, and statistical distributions of
strength were discussed by applying Weibull distribution functions.
EXPERIMENTAL PROCEDURES
Materials and specimen preparations
Materials used in this work were commercial porous alumina ceramics with three different
porosities p = 34.9%, 48.4% and 57.8%. A dense alumina with 0.803% porosity was also
prepared as a reference material. The materials are respectively named as AL-01, AL-35, AL48 and AL-58, according to percentage values of porosity. Physical properties of the materials
are summarized in Table 1.
Table 1 - Physical properties of alumina ceramics
Material

AL-01

AL-35

AL-48

AL-58

Porosity p (%)

0.803

34.9

48.4

57.8

Bulk density (Mg/m3)

3.95

2.59

2.05

1.68

Water absorption (%)

0.00

13.9

30.0

35.0

Purity (%)

99.7

99.5~

97.0~

88.0

Specimens were machined into square-bar having a width of 4mm, a thickness of 3mm, and a
length of 40mm, which are the same as the standard bending specimen specified in JIS R
1601 (2008).
Bending test
All bending tests were conducted under three-point bending mode with a span length of
20mm in an ambient atmosphere, i.e. 294±5K and 40±14% relative humidity. The loading
rate was controlled so that the rate of the maximum tensile stress in a specimen might be
about 100MPa/s. The bending strength of a specimen was evaluated as the maximum stress
monitored at its fracture.
Evaluation of apparent fracture toughness
An apparent fracture toughness was obtained by applying straight-notched specimens to 3point bending test. A straight-notch has a width of 2.4mm and a depth of 2mm for porous
materials, and a width of 0.55mm and a depth of 23µm for dense material, respectively. The
condition in bending test was the same as one as mentioned above.
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EXPERIMENTAL RESULTS AND DISCUSSION
Bending strength
Figure 1 presents relation between porosity p and bending strength σf. As seen in Figure 1,
bending strength is decreased drastically with increase in p. The relation is adequately
approximated by the next exponential function of p.

Fig. 1 - Relation between bending strength and
porosity

Fig. 2 - Weibull plot of bending
strength

σf = 598 exp(−0.0735 p)

(1)

It is well known that large scatters are observed in strength properties of brittle materials such
as ceramics. A statistical distribution of strength in ceramic material is approximated by using
Weibull distribution function (Weibull, 1939). Weibull distribution function for random
variable x is defined as a cumulative probability function F(x) as follows.

 x−x
L
F ( x ) = 1 − exp− 
x
  S





α





(2)

In the above equation, parameters xL, xS and α are respectively location parameter, scale
parameter and shape parameter. Two-parameter Weibull distribution function is given by
setting xL = 0 in (3). In statistical analyses, σf is treated as a random variable x in (2). Figure 2
presents distributions of strength σf in respective materials, which are plotted in a Weibull
probability paper. The solid curved lines in Figure 2 represent the cumulative probability
functions F(x), which are fitted to three-parameter Weibull distribution function. The broken
straight lines in Figure 2 show relations fitted to two-parameter functions. Although porosity
of AL-58 is higher than that of AL-48, Figure 2 represents that the strength distribution of
AL-58 is in higher strength region compared with that of AL-48. Such a suspicious trend is
suggested to be caused by difference in spatial and size distributions of pores. This will be
further discussed by simulation taking account of such distributions in the next chapter.
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The statistics of bending strength σf are summarized in Table 2. The table also includes scale
parameter σf,S, scale parameter α and location parameter σf,L, which were obtained by fitting
strength distribution to Weibull distribution function. Table 2 shows that, as increasing
porosity, the coefficient of variation becomes larger and the shape parameter in two-parameter
Weibull distribution function is smaller. This implies that a relative scatter of strength is
increased in a material with higher porosity.
Table 2 - Statistical parameters of bending strength
Material

AL-01

Al-35

AL-48

AL-58

Average strength σf,ave (MPa)

569

69.0

5.91

16.1

Coefficient of variation COV

0.0462

0.0426

0.0732

0.106

Scale parameter σ f,S (MPa)

580

70.4

6.10

16.9

Shape parameter α

25.4

27.5

16.0

10.5

Scale parameter σ f,S (MPa)

72.5

12.7

1.07

39.8

Shape parameter α

2.36

4.23

2.20

26.3

Location parameter σf,L
(MPa)

505

57.5

4.95

−23.0

Parameters in twoparameter Weibull
distribution
Parameters in
three-parameter
Weibull
distribution

Apparent fracture toughness
Table 3 shows apparent fracture toughness KC,ap for respective materials, which were
measured by using the procedure mentioned above. These values almost qualitatively satisfy
the tendency in the relation of fracture toughness versus bending strength in the alumina
(Hoshide, 1998). It should be remarked, however, that these overestimates actual fracture
toughness because the straight notch used in bending specimen is not a crack. Fracture
toughness KCp, which will be theoretically estimated in the next chapter, is also listed in Table
3.
Table 3 - Fracture toughness values in respective materials
Material

AL-01

AL-35

AL-48

AL-58

Measured apparent fracture toughness KC,ap (MPa··m )

4.05

1.81

0.215

0.524

Theoretically estimated fracture toughness KCp (MPa··m1/2)

3.33

0.797

0.065

0.129

1/2

Fractography and binary-digitizing of size distribution of pores
Fracture surfaces were observed by a scanning electron microscope (SEM). Cross sections
were also observed through an LSM to characterize spatial and size distributions of pores.
Figure 3 shows examples of overall fracture surface observed by SEM. As seen in Figure
3(a), a typical morphology in fracture originated from a flaw is found in the dense material of
Al-01. On the other hand, as seen in Figures 3(b), 3(c) and 3(d), which were observed
respectively in porous materials of AL-35, AL-48 and AL-58, their fracture surfaces seem
rough and featureless. Consequently, it is difficult to distinguish the fracture origin in porous
materials. In these porous materials, clusters of pores were frequently observed. It has been
reported that a similar morphology appears in porous ceramic materials (Hoshide, 1988).
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(a) AL-01

(b) AL-35

(c) AL-48

(d) AL-58

Fig. 3 - SEM photographs of fracture surfaces in respective materials

Figure 4 presents photographs observed by LSM. Pores are identified as white or light gray
parts in Figure 4. Figure 5 shows images converted by binary-digitizing pictures in Figure 4.
Pores are indicated by gray regions in Figure 5. It is seen that pore and its number in AL-58
are respectively smaller and more compared with those in AL-35 and AL-48.

(a) AL-35

(b) AL-48

(c) AL-58

Fig. 4 - LSM photographs of surfaces on porous alumina ceramics

(a) AL-35

(b) AL-48

(c) AL-58

Fig. 5 - Binary-digitized pictures of surfaces on porous alumina ceramics

In this work, the shape of pore is presumed to be sphere, which implies a cross section of pore
is expressed as a circle of radius a. Size and number of gray regions were measured by using
a commercial software for particle analysis, and they are respectively converted to pore size a
and density dC of pores in cross section. The size distributions for pore are expressed by using
three-parameter Weibull distribution function F(a) as follows:
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  a − a γ 
L
 
F (a) = 1 − exp− 
  aS  

(3)

Scale parameter aS, location parameter aL and shape parameter γ, as well as density dC of
pores/cracks-size in each porous material are summarized in Table 4. The table also includes
the other parameters the maximum pore radius amax and average pore radius aave to be used in
the following simulations.
Table 4 - Characteristics of pores/cracks-sizes and their distributions
Material

AL-01

AL-35

Density dC (1/mm )

1.25

83.6

112

741

Shape parameter γ

7.7

1.3

0.97

0.87

Location parameter aL (µm)

1.0

7.14

5.73

2.20

Scale parameter aS (µm)

25

21.6

16.1

4.39

Maximum pore radius amax (µm)

25

150

180

220

Average pore radius aave (µm)

0

63.0

58.9

42.6

2

AL-48

AL-58

NUMERICAL SIMULATION OF STRENGTH AFFECTED BY PORES
Modeling of flaws/pores
Inherent flaws generated in dense alumina AL-01 are distributed in a specimen, and pores are
also distributed in specimens of porous alumina AL-35, AL-48 and AL-58. In this work, a
fracture mechanics procedure to evaluate strength properties of porous alumina ceramics is
proposed by presuming pores to be cracks.
In the simulation, such flaws/pores are modeled as circular, semi-elliptic or quarter-elliptic
cracks. Cracks in a specimen are randomly located only within the region, which is subjected
to tensile stress in the specimen under bending. It is assumed that the failure occurs when the
maximum value, Kmax, among all stress intensity factors in the specimen is just equal to the
fracture toughness KC of a material under consideration. As the result, one strength data for
the specimen is obtained. Such a calculation is repeated to reach a specified number of
specimens.
In determining positions of individual cracks, a Cartesian x-y-z coordinate is introduced
within the tensile region of a specimen. In this coordinate, x- and y-axes are respectively
parallel and vertical to the longitudinal direction of the specimen and z-axis is the transverse
direction (width direction) of a specimen, as schematically illustrated in Figure 6. By
considering no stress gradient in the width direction (z-axis) of specimen under bending
mode, positions of cracks existing in an arbitrary cross section are projected in z direction and
onto x-y plane. Therefore, in the simulation, the position (x, y) of a crack is prescribed on the
x-y plane. For example, the position of i-th crack in a specimen is described as (xi, yi) on the xy plane as shown in Figure 6. By using a series of quasi-uniform random numbers generated
by a computer, crack positions are randomly set and the size a of each crack is given
independently of its location.
According to crack position, cracks are classified into three types, i.e., embedded, surface, and
corner cracks, which are schematically illustrated in Figure 7. The depth h of the center of an
original circular crack is the distance from the specimen surface. The length a and c are radius
of an original circular crack and the depth of a modeled crack, respectively.
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Fig. 6 - Cartesian coordinate in
specimen subjected to bending

Fig. 7 - Schematic illustration of crack configurations;
circular, semi-elliptic and quarter cracks

Fracture mechanics procedure
It has been reported (Hoshide, 1984, 1991, 1993, 1995) that a fracture-mechanics-based
criterion for long cracks cannot be directly applied to the strength evaluation of ceramic
components, which are fractured originating from small cracks. In this simulation, the
following approximation (Hoshide, 1991) is adopted in the evaluation of a valid K value for a
small crack with length a:

K = σ a π (a + l0 ) M K

(4)

A length parameter l0 is crack length to be added to the original crack length a. As for a pore,
(4) implies the pore is surrounded by a virtual crack of length l0. In (4), σa is the applied
stress, and MK is a magnification factor given by considering the shape and location of the
crack as well as the stress distribution in a specimen. The value of MK is determined using
published numerical results (Murakami, 1987, 1992, 2001) according to the aforementioned
situations of crack. The maximum Kmax is obtained among all K values calculated for cracks
located in a specimen, and the applied stress σa at the fracture of the specimen is designated as
the strength σf. The fracture criterion, i.e., Kmax = KC, combined with (4) is written as follows:

σa =

KC

π (a + l 0 ) M K

(5)

Using (5), the strength value of one specimen is finally determined by the length a and the
magnification factor MK of crack dominating a fracture of the specimen.
Figure 8 shows the flow chart of the present simulation.
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Fig. 8 - Flow chart of simulation

Parameters used in simulation
Size distributions and densities of cracks in AL-35, AL-48 and AL-58 listed in Table 4 are
used in simulations, as aforementioned. As for AL-01 of high purity alumina, parameters used
in a previous work (Hoshide, 2013) are applied for simulations. The number of surface cracks
is given by the crack density and relative crack positions to the specimen surface, though
corner cracks and surface cracks are not classified in the analysis. In this simulation, the ratio
of corner cracks to total surface ones is set to be 0%.
Apparent fracture toughness has been determined experimentally by the procedure mentioned
in a previous section. Since the toughness values are obtained by using straight-notched
specimens in experiments, they are expected to be larger than actual ones. Therefore, in this
work, the fracture toughness of a material with porosity p is estimated by using average pore
radius ap,ave and average bending strength σf,ave(p), based on fracture mechanics criterion.
Fracture toughness KCp for material with porosity p is defined as follows.
KCp = σf,ave(p) (π ap,ave)1/2 MK

(6)

In (6), MK is a modification factor determined by crack geometry and loading mode. By
setting p = 0 in (6), the fracture toughness KC0 of a non-porous material is given by using
average pore radius a0,ave, and average bending strength σf,ave(0) in the material, as follows.
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KC0 = σf,ave(0) (π ao,ave)1/2 MK

(7)

Assuming MK is a constant, the following relations are given from (6) and (7).
KCp = KC0 [σf,ave(p) / σf,ave(0)] (ap,ave / a0,ave)1/2

(8)

It should be remarked that purity of AL-58 is lower than those of the other materials.
Therefore, in this simulation, the relation between porosity p and average strength σf,ave(p) for
the materials except for AL-58 is approximated as follows.

σf,ave(p) = σf,ave(0) exp (−0.0894 p)

(9)

where

σf,ave (0) = 752

(10)

By substitution of (9) for (8), fracture toughness in a material with porosity p is estimated as
follows.
KCp = KC0 exp(−0.0894 p) (ap,ave / a0,ave)1/2

(11)

Using the additional length l0, crack length parameters a0,ave and ap,ave are defined as the
following equations (12) and (13), respectively.
a0,ave = l0

(12)

ap,ave = aave + l0

(13)

In the above equations, aave is an average pore radius, which is observed experimentally. The
maximum pore radius amax as well as aave are shown in Table 4. Finally, a theoretically
estimated fracture toughen KCp can be evaluated, and their values are listed in Table 3.
Quantitative and qualitative orders of KCp are very similar to those of KC,ap.
The modification using (4) is adopted in evaluating a K-value applicable to small flaw. The
additional length l0 in (4) is determined to be 10 µm based on theoretically estimated fracture
toughness.

Procedure of simulation
A Monte Carlo simulation will be carried out for the same shape of specimen under the same
loading mode as those arranged for the present experiment. In the present simulation, the loop
calculation shown in Figure 8 is iterated 100 times for each type of the specimen. Actually,
100 trials are made by creating 100 different combinations of spatial and size distributions of
cracks by using random numbers. Consequently, the simulation for each type of the specimen
gives 100 strength data.
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Simulated result and discussion
Figure 9 shows comparison of simulated and experimental strength. The dotted line presents a
scatter band corresponding to a factor of 21/2. Error bars in horizontal and vertical directions
represent scatter ranges in simulated and experimental results, respectively. By comparing the
simulated results with the experimental ones, a good coincidence is confirmed between them.

Fig. 9 - Comparison of simulated strength with experimental result

Although stress concentrations at tips of a pore and a crack are different, pores are treated as
cracks in this simulation. Another assumption is that pores are presumed to be surrounded by
virtual cracks. However, strength properties of porous alumina are adequately explained by
the proposed procedure based on fracture mechanics. This suggests the proposed procedure is
applicable to strength evaluation in porous ceramic materials.
CONCLUSIONS
In this work, the influences of porosity p, and of spatial and size distributions of pores on the
porous ceramics strength were investigated based on experimental results observed by using
dense alumina and three porous alumina with p = 34.9%, 48.4% and 57.8%. Strength
characteristics in alumina with different porosity were obtained by three-point bending tests.
As a general trend, it was clarified that strength was remarkably decreased with increase in
porosity. However, strength in a material with p = 57.8% was found to be higher than strength
in a material with p = 48.4%. As a result of observation of the specimens and fracture
surfaces, pores smaller than those in the other materials were seen in the specimen with p =
57.8%. Consequently, it was suggested that strength characteristics were essentially affected
by spatial and size distributions of pores rather than bulk porosity.
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An analytical procedure based on fracture mechanics was proposed by using observed poredistribution. The pore distributions were characterized by binary-digitizing images observed
via a laser scanning microscope. In the analytical procedure, it was presumed that a pore was
surrounded by a virtual crack and the characteristics of crack distribution were the same as
those of pore distribution in respective material. A Monte Carlo simulation was conducted
100 times for a given material under 3-point bending. Simulated results revealed that the
effects of porosity and of special and size distributions on the strength of porous alumina were
well explained by using the analytical procedure proposed in this work.
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ABSTRACT
Creep fracture of bended rectangular plate is researched in unsteady complex stress state with
consideration for the effect of an ambient medium. Using Rabotnov’s kinetic theory, time to
fracture of such plate was determined during sequential bending in different planes. Piecewise
constant dependences of bending moments levels and directions on time are considered. The
time to fracture of the plate is determined using a fractional linear creep model. The effect of
the ambient medium on the creep and the creep fracture of the plate is attributed to diffusive
penetration of ambient medium elements into the material of the plate. Ambient medium
effect is taken into consideration by introducing a function of cumulative average
concentration into constitutive and kinetic fractional linear equations. The times to fracture
while using scalar and vector damage parameters are compared.
Keywords: rectangular plate; bend, creep; diffusion; diffusion front, creep fracture, linear
fractional model; scalar damage parameter; vector damage parameter
INTRODUCTION
Forecasting durability of materials and structural elements under long-lasting high
temperature loading in the presence of an aggressive ambient medium is an extremely
important problem to ensure reliability during the entire operational life. This study is based
on Rabotnov’s kinetic theory of creep and creep rupture (Rabotnov, 1969). Under research,
there is creep fracture of a rectangular plate of thickness H that is exposed to bending
moments M 1 and M 2 distributed along its edges as represented in Figure 1.

(a)

(b)

Fig. 1 - (a) Loaded plate and (b) plate loading program.

A linear diffusion process along axis 3 (thickness) symmetric with respect to the middle plane
of the plate is considered. An approximate method to solve the diffusion equation based on
the introduction of a diffusion front is used (Lokoshchenko, 2016).
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FRACTIONAL LINEAR CREEP MODEL
The aggressive medium effect is taken into consideration by introducing into fractional linear
(Shesterikov, Yumasheva, 1984) constitutive equation of the function of cumulative average
concentration of the aggressive medium f ( cm ( t ) ) in the plate
p&u = A (σ u (σ b − σ u ) ) ⋅ f ( cm ( t ) ) ,

where p&u - creep strain rate intensity, σ u - stress intensity, σ b - short-time strength limit at
given research temperature, f ( cm ( t ) ) - function of cumulative average level of concentration
cm ( t

) of the ambient medium elements in the plate, A - material constant.

The function f ( cm ( t ) ) is introduced into the kinetic equations. The kinetic equation given a
scalar damage parameter is assumed to have the following form
ω&= dω dt = C (σ u (σ b − σ u ) ) ⋅ f ( cm ( t ) ) ,

ω ( t = 0) = 0 ,

ω* = ω ( t = t * ) = 1 .

Kinetic equation for vector damage parameter Ω are as follows

& = d Ω dt = C ⋅ (σ i (σ b − σ i ) ) ⋅ f ( cm ( t ) ) if σ i > 0
Ω
i
i
if σ i ≤ 0
0

i = 1, 2 ,

where Ω i - damage vector projection on i - th axis of the coordinate system,
Ω=

( Ω1 )

2

+ ( Ω2 ) , Ω ( t = 0 ) = 0 , Ω* = Ω ( t = t * ) = 1 - fracture criterion.
2

RESULTS AND CONCLUSIONS
As a result of the obtained formulas and the numerical calculation the time to fracture when a
scalar damage parameter is used is less than when a vector damage parameter is used for
different values ζ = M 2 M 1 .
Sequential decrease (increase) of the stress leads to an increase (decrease) of the time to
fracture and increase (decrease) the sum of the partial times which reflect the principle of
linear summation of damage.
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ABSTRACT
An extensive fracture mechanics and fatigue tests have been performed for several turbine
blade materials supporting the project concerning with the corrosion fatigue prediction for
steam turbine blades. Based on these tests, the Kitagawa-Takahashi diagram was created and
used for correlating pit to crack data, e.g. to define the critical pit size, when the pit may
initialize the crack forming and propagation. The fatigue crack threshold and fatigue limit at
several cycle asymmetry parameters R are necessary input parameters for the diagram design.
This work deals with obtaining both parameters using mechanical tests.
Keywords: fatigue crack threshold, fatigue limit, turbine blade.
INTRODUCTION
The assessment of influence of corrosion pit dimensions to the fatigue life uses the material
fatigue life behaviors such as the fatigue limit σac and the parameters of the fatigue crack
growth such as fatigue crack threshold Kath. These both material parameters are used for
design of the limit curve for corrosion fatigue occurrence - the Kitagawa-Takahashi diagram.
Here, the constant fatigue limit enclose the blade strength for small pit dimensions, whereas
for larger pits this limit value falls linearly with pit size using the fatigue crack threshold and
cycle asymmetry as the parameters. Under this curve, neither fatigue damage nor crack
initialisation occurs.
Four types of steam turbine blade materials were selected for presented investigations: AK1.9
(X12Cr13), AK1TD, T552 (1.4939) and T671. Tests were realised in air at room temperature
and at 100°C for following cycle asymmetry parameters: R = -1, 0, 0.5 and 0.8. The high
cycle fatigue tests were performed on resonance electro-dynamical testing machine
Zwick/Roell Amsler 10HFP 5100 using circular samples ø 3 mm. The fatigue growth tests
were realized on resonance hydraulic testing machine Schenck 100 kN using standard
compact CT samples with one side notch. A combined method for tracking the crack tip was
used. Two cameras were installed from both sample sides and the position of the crack tip
was determined at short test interrupting after 50000 cycles. In addition to this, the potential
drop technique was used for automatic monitoring of crack development. You can see the
cameras from both sample sides as well as the electrodes added to the test specimen in
Figure 1.
RESULTS AND CONCLUSIONS
The results of fatigue crack growth rate investigations were the relations between the crack
growth rate da/dN and the cyclic stress intensity Ka (see example in Figure 2) and resulting
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relations between evaluated threshold and coefficient of cycle asymmetry R An example for
material T671 is given in Figure 3.
The result of fatigue investigations were the relations between the evaluated fatigue limit and
coefficient of cycle asymmetry R. An example of such relation obtained for material T671 is
given in Figure 4.

Fig. 1 - Set-up for crack growth measurement

Fig. 2 - Example of fatigue crack growth curve

Fig. 3 - Relation of threshold limit and coefficient of
cycle asymmetry R

Fig. 4 - Relation of fatigue limit and coefficient of
cycle asymmetry R
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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 a new model of steel corrosion. 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 a tanker were involved. It has
been found that the reduction of the section modulus and the section area of the deck cargo
follow polynomial.
Keywords: corrosion, strength analysis, least square method.
INTRODUCTION
Corrosion is an important industrial problem, which is considered as an indirect consequence
of many accidents. It is estimated that about 5 tons of steel per second are transformed into
iron oxide.
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.
In the present paper the least squares method has been employed to evaluate the parameters of
Weibull distribution. The results are verified against with reference data given in (Offshore
Technology Conference, 5 May-8May 2003).
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.
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RESULTS AND CONCLUSIONS
The results of the proposed model are as illustrated in Figure 1, in comparison with the
experimental data and other existing models.
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Fig. 1 - Results from the proposed model and comparison with other models
by Soares, Paik/al, Melcher

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% loss 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
This work proposes to investigate, discuss and understand a fatigue failure problem by
requesting repetitive efforts with variable loads on the crankshaft, which is a component of an
eccentric press with capacity of effort of 200 tons. The intention of this study is show the
contributions of the forging process and reorganize the geometry by increasing the radii
between the diameters in order to reduce the stress concentrations to increase the mechanical
resistance of the part and consequently increase the useful life of it.
Keywords: forging process, mechanical resistance, stress concentration.

INTRODUCTION
The global competition in the automobile market requires practical organizations and process
methodologies that ensure low cost, deadline and products and services qualities.
The crankshaft is a structural component which converts the linear piston movement into
rotary motion while the force connecting rod is transformed to torque (Li, Wan, Xue, 2015).
Most of the times crankshafts have failed by torsional fatigue or bending fatigue or both (de
Freitas and Fonte, 2008)
Crankshafts are design with good safety margin to avoid fail, but high cyclic loading and local
stress concentrations allow crack propagation and premature fracture in the component.
Forging is forming proceeding by hammering or pressing, it could be hot or cold work. In this
process, all components deal with high loads in order to ensure metal forming.
The principle of mechanical operation of the press comes from 2 crankshafts ensuring the
movement of the hammer. The hammer is an upper contact component with the stamping
tool, and it moves cyclically through the crankshafts. Press has a maximum capacity of 200t
of workforce in the 2 axes. The power transmission is via shaft (diameter 200 mm to 280 mm
and total length of 1210 mm), bearing and gear.
The shafts were manufactured by machining a cast bar in the 12-inch diameter, and then
subjected to a heat treatment of tempering and quenching to reach average hardness of 280
HB.
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This axis fractured after 2 years of operation. Based on this, the objective was to investigate
the causes of the premature break in service of these shafts using techniques of metallographic
analysis, fatigue tests and finite element simulations.

METHODOLOGY
The material used in this work was supposed to be an AISI 4140, but a chemical analysis was
made in a piece of this material cut from the broken material in order to confirm that it is
really an AISI 4140. After sanding in 180, 300, 600, 1200 grit sandpaper and polishing in
diamond paste 9 µm and 3 µm, the piece of shaft was attacked by Nittal 4% to see the
microstructure of the material utilized in this study.
Brinell hardness was measured in three points to confirm that hardness of the shaft is met the
demands (280 HB) after the heat treatment. A visual analysis has been done in the component
after being broken in order to identify what is the root cause of the problem and suggest one
possible solution to this broken crankshaft.
It was thought that the reason why the shaft was broken should be the stress concentrator in
one specific region: the radius of curvature. So the propose was calculate a factor of stress
concentrator in the crankshaft studied and find out a radii of curvature that could improve
dramatically fatigue life cycles of the component.
Graphs from Shigley, Mischke and Budynas were the guide to think about an enhancement
from 3 mm to 6 mm on the radius of curvature and reduce the stress concentration. The real
crankshaft (6 mm of radius of curvature) and the theoretical one (3 mm of radius of curvature)
were simulated using the finite element method. The 3D drawing of the part was obtained by
Solid works software and it was imported to Opti Stru in order to simulate the structure after a
number of fatigue cycles.
The mesh of this model had tetrahedron of second order form. There were 111443 elements
and 170084 nodes in all simulated component. The parameters utilized to define the material
in simulation is shown in Table 1.
Table 1 - Parameters used in the simulations
Parameter

Value
2,1 GPa

Young’s modulus

0.3

Poisson ratio
Yield stress

714 MPa

Ultimate stress

1046 MPa

RESULTS
The results of chemical analyses are presented in Table 2 (percentage of weight). It confirms
the fact that steel utilized in the manufactured crankshaft is an AISI 4140. Considering this, it
is needed to know if it was not a problem in the heat treatment of this material or some
processing trouble.
A metallography sample was prepared and the image in the optical microscope is shown in
Figure 1.
-284-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

Table 2 - Results of chemical analyses in the crankshaft
Element

Percentage of weight

Fe

Balance

C

0,416

Mn

0,915

Si

0,230

P

0,016

S

0,005

Cr

1,016

Mo

0,197

Fig. 1 - Microstruture of AISI4140 utilized to manufacture the crankshaft in this study
(magnification 200X)

Figure 1 shows that microstructure is a perlite matrix with some ferrite areas. It seems to be a
bulk steel of solidification.
Hardness tests carried out indicated that hardness Brinell of this component is just 3-5% lower
than the reference value (280 HB), so it is almost impossible to verify any type of problem
related to the material used in the crankshaft.
Figure 2 shows the broken crankshaft that was analyzed in order to identify root-cause of
problem in this case.
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Fig. 2 - Broken crankshaft

Analyzing the break, it is possible to verify that the fracture occurred close to radius of
curvature, a stress concentrator, by the radial marks. It presented bench marks, a typically
fatigue loads failure.
The shaft has failed close to the radii of curvature, so it has been supposed that it was a stress
concentrator and the possible stress concentrator was calculated based on Shigley, Mischke
and Budynas (2005) graphic. The results are indicated in Figure 3, where Kt is the stress
concentrator.

Fig. 3 - Graph adapted from Shigley, Mischke & Budynas (2005)
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The values are indicated the stress concentrator factor drop to almost 3,0 to 2,3, so it is
expected that this component will not fail too early next time. The simulation was done to
confirm this expectation.
It was simulated using the finite element method for a situation that enhanced the radius of
curvature (6mm) and another with the radius of the component, which has already been made
(3mm). Figure 4 shows the fatigue results

Fig. 4 - Fatigue results (recent situation)

In this simulation, the shaft has broken after 16612190 cycles almost the same as real
situation (16115808 cycles). Figure 5 presents fatigue outcome when the radius of
concordance is enhanced to 6 mm.

Fig. 5 - Fatigue results (increased radius of curvature situation)

The life of this component increases undoubtedly. It has supported over 135000000 cycles,
which is more than 8 times, compared to the actual situation.
CONCLUSIONS
There are lots of different factors that makes a component fail by fatigue including geometry,
manufacturing process and material are just a small part of them.
However, in this case it is possible to ensure that radii of curvature of just 3 mm is too low
and the increase to 6 mm reduces loads in the structure and enhances the life of the
component theoretically and using the finite element method.
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ABSTRACT
This paper investigates the effect of corrosive environment on fatigue strength of circular
cross section specimens made from structural low carbon steel. Extensive experimental
programme has been conducted to understand how the fatigue strength of S355 steel is
reduced by both fresh water environment and artificial sea water environment and how
positive mean stress affects the corrosion fatigue life of specimens. Moreover, two circuits,
designed to allow the circulation of corrosive solution during the application of cycling load,
are proposed and the effect of corrosive flow conditions on the surface of specimens related
with the two designs are discussed and quantified.
Keywords: corrosion fatigue, corrosive environment, mean stress.
INTRODUCTION
Corrosion fatigue failure is a fundamental design consideration in many industrial fields,
especially for mining industry, where pump components work under the influence of
alternating loading caused by cyclic pressure in corrosive environment that attacks and
degrades material surface quality. Components made of low carbon steel are attractive in
design due to general material properties and relatively low cost but have a disadvantage of
low resistance to corrosion fatigue.
Many studies have been developed to understand how corrosive environments affect fatigue
life of steel [6] and how the strength of material decreases. Usually, artificial sea water
conditions are tested and many data are available in literature [2, 3, 8] that describe this
condition. However, different kinds of corrosive environment are less popular in research and,
consequently, less data are available. In this study, because of the industrial requirements, a
fresh water solution is mainly used in the development of testing. Moreover, few fatigue tests
were performed also in air and in 3.5% NaCl corrosive aqueous solution.
Many test rigs have been proposed in literature to carry out corrosion fatigue testing. [4, 5, 9].
Depending on the application, specimens can be or initially pre-corroded and later stressed
with cycling load or corroded during the application of cycling load (in-situ corrosion). When
the corrosion is in-situ, specimens can be totally immersed in the solution using sealed
chamber or corroded under a flow in an open chamber. In this work two different test rigs are
proposed and used for corrosion fatigue tests, both of them allow corrosion in situ and
chamber is sealed to the specimen during the test.
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EXPERIMENTAL PROCEDURE
Material used for this work is low carbon forged steel S355J2G3+N. Chemical composition,
mechanical properties and design of samples have already been described in [7]. Both tests in
air and in corrosive environment were carried out using 6 mm diameter specimens designed
according to ASTM E466-07 [1]. The roughness of the gauge length surface of each specimen
was evaluated through the arithmetic mean of four different measurements. Value were
between Ra=0.095 micron and Ra=0.130 micron.
Four sets of fatigue tests are proposed in this work:
- Fatigue tests in air at room temperature;
- Fatigue tests in fresh water corrosive environment [ 824 ppmNaCl ] using corrosion cell
Configuration 1;
- Fatigue tests in artificial sea water corrosive environment [ 3.5% NaCl ] using corrosion
cell Configuration 1;
- Fatigue tests in fresh water corrosive environment [ 824 ppmNaCl ] using corrosion cell
Configuration 2.
Fatigue tests in air were performed under axial loading and load controlled with servo
hydraulic fatigue testing system - Instron 8801 and Instron 8802 - at a fixed frequency of 15
Hz. Two conditions of stress ratio, R, were tested in air: a fully reversed loading R=-1, and
positive mean stress R=0.
In order to reproduce the simultaneous effect of fatigue and corrosion phenomena, a corrosion
cell was designed, developed and produced at the laboratory AMRL, compatible with the
servo-hydraulic machine. This cell, in-built to the specimen, allows the continuous flow of the
corrosive solution during the application of cycling load and, consequently, the corrosion of
the central part of the specimen. The cell is designed to encase the central part of specimen
and leave its grip parts free. To ensure the sealing of the chamber, two seals made with Black
Tango™ are used. The inlet and outlet holes created in the cell for circulation of solution are
placed in the top part of the cell, one in the left side of specimen and the other one in the right
and diameter dimension of holes is 9 mm. To create the circulation of solution during the test,
a plastic pipe was connected to the inlet of cell and, from the other side, to a water pump of
nominal flow of 600 l/h placed in a tank. From the outlet the corrosive solution was returned
in the tank through the same dimension plastic pipe. An air pump of nominal capability of
100 l/h was located in the tank to oxygenate the water during the test. A schematic circuit is
illustrated in Figure 1.
This cell configuration, characterized by inlet and outlet placed in the top part of the cell, has
been denominated Configuration 1. It is used to performed corrosion fatigue tests in AMRL
laboratory for both fresh water corrosive environment and artificial sea water environment.
All these tests were performed at 10 Hz, using either servo-hydraulic fatigue testing system
Instron 8801 and Instron 8802.
Three stress ratio configurations were carried out for corrosion fatigue tests in fresh water
environment: fully reversed loading R= -1, positive mean stress R=0 and positive mean stress
R=0.5.
Tests in artificial sea corrosive environment were performed at stress ratio R=0.
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A set of tests presented in this research work were performed in a laboratory outside the
University, by EXOVA Group. Material, specimen geometry and dimensions are exactly the
same of specimens used in AMRL laboratory. The general idea behind the circuit developed
to allow corrosion during fatigue test is similar to the one used in AMRL laboratory. In fact
the solution was aerated using an air pump and its circulation was allowed by a peristaltic
pump placed in the tank and connected to the inlet of the cell. The main different between the
two circuits is the geometry of cell: in fact, in the configuration used in EXOVA the inlet and
outlet diameter is 6.35 mm (1/4 inch). Moreover, inlet hole is placed in the bottom part of the
cell and outlet in its top part, from the same side of the samples. This configuration,
characterized by inlet and outlet placed in the same side of the sample, is denominated
Configuration 2 and it is used for tests in fresh water environment run in EXOVA. A
schematic illustration of this circuit is shown in Figure 2.

Fig. 1 - Circuit used in Configuration 1

Fig. 2 - Circuit used in Configuration 2
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Characteristics of aqueous corrosive solution for the three sets are reported in Table 1.
Table 1 - Characteristics of aqueous solution environments
Salinity
[% NaCl]

Conductivity
[mS]

Temperature
[°

pH

Flow
[l/h]

Configuration
Cell

0.0824

2.0 ±0.2

25 ±1

6.9±0.1

190

1

25.5+1

7.0±0.1

190

1

25±1

7.5±1

100

2

3.5
0.0824

2.0±0.3

EXPERIMENTAL RESULTS
Experimental results obtained from fatigue tests in air conducted at room temperature, both
for stress ratio R=-1 and R=0, are plotted in a log-log scale diagram and shown in Figure 3.

Fig. 3 - Results in Air

Results in air show the typical behaviour of steel in fatigue life: in fact, it is possible to
express data trends using Basquin’s law, up to 2x106 number of cycles, where the slope of the
trend change because of a possible fatigue limit:

σA = a× Nb

(1)

Moreover, it is possible to notice that, under positive mean stress (R=0), fatigue strength
decreases and the change of slope appears at lower number of cycles.
These data obtained in air are considered as reference to evaluate the effects of corrosive
environment.
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Experimental results obtained from corrosion fatigue tests in fresh water environment with
Configuration 1 of corrosion cell are plotted in a log-log diagram and S-N curves obtained
from interpolation of experimental data are shown in Figure 4. Interpolation of data for all the
three S-N curves, characterized by different stress ratio, can be expressed, as in fatigue in air,
by Basquin’s power law equation (1). In this case, the slope of the line is constant through all
the region taken into account (105 to 107), therefore the equation can be employed, at least, till
107. In other word, in this region, the fatigue limit in corrosive environment doesn’t occur.
S-N curves show a reduction in fatigue strength with increasing positive mean stress. In fact,
at 106 number of cycles for R=0 the reduction of strength is 23% compared to the fully
reversed data and 33% for R=0.5. This trend is not constant with the number of cycles, in
particular for R=0.5 that at 107 cycles shows a reduction of 38% compared to S-N curve
obtained at the fully reversed loading.
A comparison between the behaviour of carbon steel under fatigue in air and in fresh water
environment is shown in Figure 5. In the region between 105 and 5x105 the effect of corrosive
environment on fatigue strength is relatively low: this is due to corrosion time depending.
Since tests were carried out at 10 Hz, to achieve 105 cycles the sample were corroded for less
than 4 hours during the effect of fatigue loading. In this amount of time corrosion started on
the surface of sample but, obviously, didn’t affect too much the surface of sample and
therefore the fatigue strength. At higher number of cycles the effect of corrosion on fatigue
life is more intense. At 10 7 number of cycles fatigue strength in fresh water is reduced by a
factor of 2.1 compared to results in air.

Fig. 4 - Comparison air and fresh water fatigue results
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Fig. 5 - log-log SN curve in fresh water

Fig. 6 - S-N curves in fresh and salt water corrosive environment

Experimental results obtained from fatigue tests in artificial sea water corrosive environment
are plotted in a logarithmic scale in comparison with results obtained in fresh water
environment for stress ratio R=0. S-N curves obtained from the interpolation of experimental
data are shown in Figure 6. In artificial sea water environment, tests were carried out at
-294-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

relatively low number of cycles (< 106) and consequently the effect of corrosive environment
on sample surface was pretty limited. Although duration of tests was maximum 16 hours
(6x105 number of cycles), it is possible to see that corrosion fatigue life is already affected by
the more corrosive solution and fatigue strength drops.
Experimental results obtained from tests run in EXOVA facility using corrosion cell
Configuration 2 are plotted in a log-log graph and compared with results obtained using
corrosion cell Configuration 1. Experimental data and S-N curves obtained from the
interpolation of those points are reported in Figure 7.
As described in the previous part, the only difference between these two sets of data is the
circuit used to create the circulation of solution during the test. Since in Configuration 2 the
inlet and outlet on the cell are placed in the same side, it has been found that the corrosion on
surface has affected mainly that side of the sample instead being uniformly on all its surface,
as observed in samples tested with cell Configuration 1. The effect of corrosion surface
distribution on fatigue life is significant especially in the region of higher number of cycles. In
fact at 75 MPa of stress amplitude, the difference in number of cycles between the two sets is
more than 5 million of cycles.

Fig. 7 - Comparison between results obtained with different corrosion cell

CONCLUSION
This study presents the experimental results of effect of fresh water and artificial water on the
fatigue strength of low carbon steel and the effect of corrosive solution flow on the fatigue
life.
Experimental results show that the effect of fresh water environment on fatigue strength is to
reduce the fatigue strength of material: the degradation is higher at lower level of stress but
occurs even at lower number of cycles. At 107 number of cycles fatigue strength is reduced by
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a factor of 2.1. A fatigue limit is not observed in the region from 105 to 107 number of cycles.
A reduction if fatigue strength occurs also with positive mean stress in corrosive environment.
A comparison between corrosion fatigue data in fresh water solution and artificial sea water
solution show an additional reduction in fatigue strength due to the more corrosive
environment. This degradation of strength occurs after even at really limited number of
cycles.
Finally a comparison between two test rigs cell is studied: experimental results show a
significant increase in number of cycles in relation with a linear flow distribution inside the
cell and a lower flow rate. These parameters affects the corrosion distribution and intensity on
sample surface and consequently on its fatigue life. This effect is more intense at higher
number of cycles.
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ABSTRACT
One of most important test blocks in developed new repair technology is full-scale fatigue
test. The technology concerns composite skin of the vertical stabilizer of the MiG-29. The
authors presented in the article phases of test preparation. Starting from building of the
geometrical model, it continues with development of loads, design and preparation of the test
stand to perform the test.
Keywords: fatigue, composite, vertical stabilizer, repair.
INTRODUCTION
The fatigue test of the MiG-29 vertical stabilizer with repair on the composite skin is one of
the tasks in the MiG project. The project is implemented by ITWL for the Ministry of
National Defense. The aim of the project is to develop a verified, ready-to-implement
technology for repairing composite and sandwich structures of MiG-29 aircraft
Preparations for the test included three main blocks: Definition of load spectrum, design of
the test bed and repair on the composite skin of a vertical stabilizer. Locations in which the
repairs were made were selected on the basis of the analysis of the location of previous
damage on planes of the Polish Armed Forces. The difference in quality and strength between
the composites produced in the vacuum bag and the autoclave (Baker, 2003; Davis, 2007)
were considered. The repairs were made in autoclave technology in accordance with current
trends in primary structure repairs (Whittingham, 2009; Caminero, 2013).
SUMMARY AND CONCLUSIONS
The completed fatigue test proved the durability of repairs. Ultrasonic structure tests did not
show damage in the area of repairs. It should be noted that despite the advantages resulting
from the use of autoclave technology (Whittingham, 2009), non-destructive testing of the
pasted chamfered patch is a difficult issue. The difficulty results from the thickness variability
of the adhesive and the smoothly changing thickness of the repair package. After disassembly
of test stand, a teardown inspection will take place to assess internal damage.
During the test, the deflection of the vertical stabilizer at high values of loading forces was
also measured. This information was used to verify the FEM model, which will be used for
strength analyzes of specific repair cases.
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The process of developing the spectrum for the fatigue test was several-stage. The CAD
model of the entire aircraft was made on the basis of 3D scans. The model was used for
aerodynamic calculations. Calculations were carried out for the configuration selected based
on analysis of the frequencies of occurrence of individual cases. Some important load cases
were considered, despite the very low number of occurrences. The statistical analysis uses
data from over twenty years of operation of all Polish MiG-29. In total, more than 20 flight
configurations (orientation, speed, acceleration) have been considered in aerodynamic
analysis. The results of the calculations were compared with the readings of strain gauges
recorded during flight tests finding a high level of correlation.

Fig. 1 - Test stand
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ABSTRACT
In this work, we extend the peridynamic model of corrosion damage to consider mechanical
damage produced not only by the corrosion process, via anodic dissolution, but also by
mechanical strains. We include a dependence of the metal-ion diffusivity (which determines
the corrosion rate) on the peridynamic bond strain. The mechanical model is solved together
with the diffusion model. We calibrate and validate the mechanochemical model against the
experimental results on corrosion of copper under tension stress. We then apply the model to
study stress-corrosion cracking of stainless steel. The coupled model is capable of simulating
the transient corrosion process and the dynamic crack growth seamlessly.
Keywords: corrosion, stress-corrosion cracking, peridynamic, damage.
INTRODUCTION
Corrosion can lead to accelerated failure of structural components by pitting and perforation,
or by acting as an initiation site for cracking. Most models for the evolution of pitting
corrosion consider that the corrosion reaction only affects the metal surface and, because of
that, they cannot capture changes in the mechanical properties in the layer immediately below
the solid/liquid interface. These changes, such as embrittlement induced by corrosion or
stress-dependence of the diffusion processes in corrosion, are determining factors in
explaining how Stress Corrosion Cracking (SCC) is triggered and how it progresses in time.
We apply a novel peridynamic model for the evolution of damage from corrosion [1, 2]. In
this model, the anodic reaction in corrosion processes is treated as an effective diffusion
process in the electrolyte/solid system combined with a phase change mechanism; mechanical
damage is induced based on local concentration drop and this damage enhances corrosion
rate.
Here, we extend the model to consider mechanical damage produced not only by the
corrosion process, via anodic dissolution, but also by mechanical strains. We include a
dependence of the metal-ion diffusivity (which determines the corrosion rate) on the
peridynamic bond strain. The mechanical model (that gives the stresses/strains and the
damage produced by reaching the critical fracture strain in the material) is solved together
with the diffusion model (which gives the metal-ion concentration and computes the damage
induced by the material dissolution due to corrosion processes). We apply the
mechanochemical model to study corrosion of stainless steel under tension stress.
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RESULTS AND CONCLUSIONS
Figure 1 shows the simulation setup for the corrosion of stainless steel under tension stress.

1 mm

0.05 mm

No cracking

1 mm
d0

t=4s

t=5s
Anodic dissolution

Crack

Cracking

Anodic dissolution

d0

Fig. 1 - The simulation
setup: geometry and
boundary conditions. The
metal is protected by the
passive film except the
upper-central region.

t = 5.5 s
Cracking

t=6s
Anodic dissolution

Cracking

Anodic dissolution

Fig. 2 - Snapshots of damage evolution.

The results (see Figure 2) show that once corrosion damage creates regions of high stress
concentration, the corrosion rate, which in our model depends on local strain, starts to
increase, giving the notch a more elongated shape, which further increases the stress
concentration factor at such locations. When the stress intensity factor becomes critical, a
dynamic crack starts to propagate. Diffusion of the corrosive solution advances along the new
path and the corrosion front shape becomes elongated in the direction of the crack.
The coupled model is capable of simulating the transient corrosion process and the dynamic
crack growth seamlessly. The flexibility of the peridynamic model for describing arbitrary
damage configurations, ranging from diffuse to localized damage, is seen as an important
advantage for the proposed approach. Future work will concern modeling of fatigue crack
growth in corrosive environments.
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ABSTRACT
The Science of Construction had a remarkable improvement with the mathematical theory of
elasticity. A safety criterion was defined, in order to guarantee the integrity of the structure
under the operating load: “Stress at each point of the structure to be <= of yield stress(residual
strain 0.002) “. This type of analysis can be carried out simply assuming the linear correlation
between stress and strain (Hooke´s law).
The next step was to calculate the structure collapse mechanism and load (=max load
supported by structure up to catastrophic collapse). Analysis becomes more complex since it
requires the knowledge of the plastic flow segment of the material stress-strain curves up to
the strain failure. Collapse analysis must comply with the following requirements: applied and
reaction load equilibrium in each point/subcomponent of the structure, compatibility of
element deformations, and in addition plastic strain energy balance.
A tragic event occurred at Versailles on May 8, 1842. Two locomotives and seventeen cars
were involved due to the rupture of an axle of the first locomotive. Almost one hundred
people died. The enquiry draws the conclusion that failure was due to “fatigue”, for the first
time. Fatigue failure due to load cycling, became a major issue for safety and for structure
life estimation
Keywords: energy, fatigue, Neuber, plasticity, static.

INTRODUCTION
Plasticity has a robust influence on life and crack onset. Neuber hyperbola [1], is currently
used as a “qualitative” approach for fatigue and ultimate load static analysis. When the
calculated stress via Hooke´s law, is violating the material stress-strain curve, a local
relaxation occurs relocating the unrealistic linear elastic stress-strain on the material plastic
flow range.
The methodology presented on this paper, assumes that “local relaxation” is driven by the
Energy Conservation Principle: plastic energy = linear elastic energy. The rationale behind
this approach is that, for peaky stress gradient due to notches, the relaxation remains confined
on the notches itself, without modifying the overall structure equilibrium.
The validation of the Energy Conservation approach, is done by comparing the analytical
results with FEM non linear analysis, Neuber hyperbola and strain gage from test data.
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PAPER PURPOSE
This paper compares the accuracy of Neuber Strain Energy methodology on calculation of
plastic stress, from “peaky” stress gradient due to a linear analysis. Both methods are then
qualified against notched test specimen data, equipped with strain gages [2].

“Peaky” stress relaxation applies to following
structural conditions:

Neuber Hyperbola criterium

0

1

Structure static analysis, as long as the
stress relaxation doesn’t modify local
and/or overall force balance (= Free
Body Diagram). (Methods not viable for
structure collapse analysis).

2.

Fatigue stress as product of stress
concentration factor Kt and reference
stress. The Kt [4] is defined assuming a
local linear stress field based on notched
geometry and material infinitely elastic.

Strain Energy criterium

ε
1
A0 = σ 0 * ε 0 = ∫ σ (ε ) * dε
2
0

σ * ε = σ * ε = Constant
0

1.

1

Fig. 1 - Neuber Hyperbola and Strain Energy approach
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STRAIN ENERGY FORMULATION
Strain energy formulation is based on complementary energy as shown on figure below:

0.010

σp
0.009

εp

strain

0.008

0.007

uc

U tot = σ p * ε p

0.006

U = ∫0 ε (σ ) dσ
σp

0.005

0.004

U c = ∫0 σ (ε ) dε = U tot − U
σp

0.003

0.002

u
0.001

0.000
0

50

100

150

200

250

stress
300

Fig. 2 - Complementary Energy Calculation

σ 
+ 0.002 *  p 
εp =
E
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Ramberg-Osgood Ref. 0
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σ y
σp

U = ∫0

U
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ε (σ ) dσ
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=
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n *σ p
(n + 1)σ Y
0.002

0.002 * n
n+1
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ALGORITHM
The stress and strain σp, εp (in plastic flow range) is calculated by assuming the equivalence
of linear elastic strain energy (ULE) and the complementary energy (Uc):

U LE

σ LE2
1
= σ LE * ε LE =
2
2E

,

U =
c

σ P2
2E

+

0.002 * n
* σ pn+1
n
(n + 1) * σ y

System equation

1)

σ P2

σ LE2
0.002 * n
n +1
+
*σ p =
2 E (n + 1) * σ yn
2E
σp

σ 
2) ε p =
+ 0.002 *  p 
E
 σY 

n

HYPERBOLA - ENERGY : MAJOR DIFFERENCES

The following remarks apply:
1.

Stress variation (572., 580.) in plastic
range between Neuber and Energy
methods is negligible, if compared
with the strain variation (0.0051,
0.0074)

2.

Neuber method is estimating higher
strain values , extremely conservative
in term of margin of safety, neglecting
a consistent strain plastic
energy
reservoir. Higher estimation of plastic
strain is also questionable for F&DT
analysis.

Fig. 3 - Neuber hyperbola and Energy - major differences.
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NEUBER and ENERGY VERSUS TEST DATA: COMPARISON
Energy Conservation Principle results and Neuber approach, are compared with the notched
test results taken from Ref. [2].
Test specimen data:
1. Material: St-52 and AlMgSi 1
2. Cross section : 8 x 40 mm
3. Hole in the center as a notch: 10.0 mm (Kt = 2.42 )
4. Inside the hole two strain gages were applied as shown on Figure 4 below

Fig. 4 - Test setting and Stress-Strain material curve
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St-52 Test Data versus Analysis: Comparison

Ref. [2]

Measured Test Data
strain
stress [Mpa]
0
0
0.001992
166.7
0.003024
253.4
0.003252
272.8
0.003528
295.7
0.003768
311.6
0.004032
328.8
0.004344
348.2
0.004656
363.0
0.005076
380.1

Note that calculated Neuber
curve is matching the curve
reported on Ref. 0.

Calculation results (ALGORITHM)

Fig. 1 - St 52 Test Data and Analysis - comparison
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AlMgSi 1 Test Data versus Analysis: Comparison

Ref. [2]

250

E=66500
σY=245
n=60
Kt=2.42

Energy
Conservation

STRESS [MPa]

200

Measured Test Data
strain
stress [MPa]
0.00000
0
0.00234
63.3
0.00390
105.1
0.00471
125.3
0.00510
134.1
0.00564
142.9
0.00627
151.2
0.00693
159.6
0.00771
168.8
0.00847
176.7
0.00933
184.6
0.01041
193.8
0.01158
201.3
0.01284
209.7

AlMgSi1

Measured data

150

100

Neuber
50

strain

0
0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

Calculation results (see ALGORITHM)

0.008

Note that calculated Neuber
curve is matching the curve
reported on Ref. [2].

Fig. 6 - AlMgSi 1 Test Data and analysis comparison
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ALGORITHM
The calculation can be performed by using a spreadsheet system (Excel).
Goal-Seek plug in to calculate the σp by solving the energy equation.
MATERIAL DATA : St 52
E

σY

n

(Mpa)

(Mpa)

(-)

210000 570.00

1
Linear Elastic

2

3

4

σp

εp

stress

strain

Hhyper= 2Uc

σdp

εdp

(Mpa)

(-)

514.8

0.002451

2.42

5
Neuber hyperbola

U = ULE

c

52.00

Kt

7

σneuber

σenergy

σLE

εLE

0.00

0.00000

0.000000

0

0.00

0.00000

19.38

0.000092

8.01

0.00

40.00
42.00
44.00

0.00019

0.003810
0.004200
0.004610

40
42
44

0.00019

0.00762

0.00020
0.00021

0.00840
0.00922

53.77
59.66
59.66

0.000256
0.000284
0.000284

22.22
24.65
24.65

16.53
17.36
18.18

547.68
552.57

0.00261

0.714176
0.726992

534
536

0.00261

1.42835

0.00263

0.00263

1.45398

564.51
564.89

0.003897
0.003943

280.87
282.60

226.31
228.34

659.45
680.78

0.00314
0.00324

1.035422
1.103484

556
558

0.00320
0.00332

2.07084
2.20697

571.56
572.62

0.005028
0.005266

321.00
328.81

272.50
281.31

0.00020
0.00021

σhyperbola εhyperbola

6

1)
2)
3)
4)
5)

Linear elastic stress and strain curve
Elastic strain energy = complementary energy : ULE = Uc
Goal Seek plug in and macro , to solve the energy balance equation σp
Ramberg-Osgood equation to calculate the relevant strain εp
Calculate σhyperbola and εhyperbola

6)

σ neuber =

7)

σ energy

E *σ h * ε h
Kt
2 * E *U c
=
Kt

Fig. 7 - Algorithm
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MATERIAL CURVE REFERENCED TO DIRECT PROPORTIONAL STRESS
The formulation of the stress -strain curve is based on Ramberg-Osgood equation (Ref. [3]):

σ

σ
ε = + .002 * 
E
σY





n

, σy= yield stress, E= Elastic modulus

To simplify the numerical calculation, and split the curve in two segment ( elastic and ElasticPlastic), the stress- strain curve is rearranged in term by referring to Direct Proportional stress
σdp (residual strain = 0.00001)
 σ 

ε = + 0.00001 * 

σ
E
 dp 

σ

1

n

 0.00001  n
σ dp = σ y * 

 0.002 

Stress-strain direct proportional stress
(0.00001 residual strain )

700

600
550
500

stress MPa

650

σy 570

σdp 514

450
400
350
300
250
200

elastic segment to dp stress
plastic flow segment
residual strain 0.002

150
100
50

strain
0
0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

Fig. 8 - Ramberg-Osgood versus Direct Proportional Stress

The results of the energy approach is graphically shown on the diagram below for St-52
material. Linear elastic stress

σ LE = Kt * σ ref is the initial data. The values ( σp , εp) on the

stress-strain material curve, indicates the Strain Energy Equivalence point ( ULE = Uc).
Example
σ

ref

= 413 .

[MPa ]

σ LE = σ

* Kt = 413 . * 2 . 42 = 1000 .
ref
2
σ2
1000
U
= LE =
= 2 . 3809
LE
2*E
2 * 210000
−−−−−−−−−−−−−−−−−−−−−

σ p = 574 .

[MPa ]

ε p = 0 . 00561
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σp , 10000*εp

650

600

St-52

550

E=210000. MPa
σY = 570. MPa
σdp= 514.8 MPa
n=52

σdp

500

450

400

350

300

Elasto-plastic range
Elastic range
STRAIN

250

200

150

100

50

σLE

0
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

σLE

Uc

514
516
518
521
523
526
529
532
536
539
543
548
553
558
564
571
579
588
599
611
625
641
659
681
705
733
766
802
844
891
945
1005
1072
1148
1232
1325
1429
1543
1669
1808
1961
2129
2313
2515
2735

0.6279
0.6337
0.6397
0.6459
0.6524
0.6593
0.6667
0.6746
0.6831
0.6925
0.7027
0.7142
0.7270
0.7415
0.7580
0.7769
0.7988
0.8242
0.8539
0.8887
0.9297
0.9781
1.0354
1.1035
1.1844
1.2808
1.3957
1.5328
1.6965
1.8921
2.1257
2.4048
2.7382
3.1366
3.6125
4.1808
4.8592
5.6687
6.6344
7.7858
9.1581
10.7929
12.7394
15.0560
17.8115

σp
512
514
516
518
520
522
524
526
528
530
532
534
536
538
540
542
544
546
548
550
552
554
556
558
560
562
564
566
568
570
572
574
576
578
580
582
584
586
588
590
592
594
596
598
600

εp
0.0024
0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0026
0.0026
0.0026
0.0026
0.0026
0.0027
0.0027
0.0027
0.0028
0.0028
0.0029
0.0029
0.0030
0.0031
0.0032
0.0033
0.0035
0.0036
0.0038
0.0041
0.0044
0.0047
0.0051
0.0056
0.0062
0.0069
0.0077
0.0087
0.0098
0.0112
0.0129
0.0148
0.0171
0.0199
0.0232
0.0271
0.0317

Fig. 9 - Plastic flow Stress-Strain versus Linear Elastic stress

CONCLUSION
Neuber hyperbola has been widely used over the past decades as a method to predict the
effect of stress concentration on static strength and life.
The approach based on Strain Energy Conservation Principle, object of this paper, is meant to
refine the calculation.
The outcomes of this approach are:
1. Accurate ultimate static Margin of Safety (based on strain rather than stress)
2. Reliable fatigue life estimation for strain cycling in plastic segment.
REFERENCES
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ABSTRACT
This work has as main objective the prediction of the behaviour of step joints using the
Extended Finite Element Method (XFEM), with different overlap lengths (LO). Three
adhesives, Araldite® AV138, Araldite® 2015 and Sikaforce® 7752, whose properties are quite
different, were used in the analysis. To compare this numerical work, experiments with these
joints were undertaken. Peel and shear stresses of the adhesives were analysed, which allows
an analysis of the behaviour of the different adhesives under different conditions. For the
analysis, different damage initiation criteria were used using stresses and strains. The damage
law shape was also evaluated, namely the linear and exponential damage propagation laws.
Keywords: extended Finite Element Method, adhesive joint, structural adhesive.
INTRODUCTION
Currently, adhesive bonds have been used in several areas, more frequently in recent years.
These joints have advantages over other methods such as welding. The advantages that stand
out are the significant reduction of weight as well as the reduction of stress concentrations.
For the joint strength prediction, Fracture Mechanics techniques are often used. The tensile
(GIC) and shear toughness (GIIC) are two of the most important parameters to predict the joint
behaviour. In relation to adhesives, these are divided into two groups, brittle and ductile. The
Finite Element Method (FEM) has been used in the last decades, because this method is much
faster in the analysis of the joint strength (da Silva and Campilho, 2012). More recently, the
XFEM has emerged, which can also be used to predict the joint behaviour, however, lacking
validation for this purpose.
In this work, stepped-lap joints were tensile tested between steel adherends. Three structural
adhesives were considered: the brittle epoxy Araldite® AV138, and the ductile epoxy
Araldite® 2015 and polyurethane Sikaforce® 7752. The geometrically non-linear XFEM
analysis was performed in Abaqus®. Decohesion was promoted by the XFEM formulation,
while the adherends were modelled by continuum elements. The analysis was twodimensional.
RESULTS AND CONCLUSIONS
Figure 1 shows, as an example, the maximum load (Pmáx) obtained by the XFEM for the
stepped joints bonded with the adhesive Araldite® AV138, for the different initiation criteria
and LO.
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Fig. 1 - Variation of Pmáx as a function of LO, for the different damage initiation criteria,
using the adhesive Araldite® AV138.

For this adhesive, it was found that the stress-based criteria QUADS and MAXS are those that
present Pmáx values closer to the experimental ones. In the other criteria (MAXPS, QUADE,
MAXE and MAXPE), the difference is higher. The MAXPS and MAXPE criteria present, for
the majority of joint geometries, much lower results than the experimental ones. For the
MAXS criterion, the maximum Pmáx difference between the experimental results and the
results obtained by the XFEM for the Araldite® AV138 adhesive was 13%, for LO=12.5 mm.
For the QUADS criterion, the Pmáx difference for the same LO was -1%. Regarding the MAXE
and QUADE criteria, the difference is substantially larger, with a maximum difference of
209% for both, obtained for LO=12.5 mm. The large values obtained for these criteria are
related to damage and failure being governed by the limit deformations of the adhesives
instead of their stresses.
In the MAXPS and MAXPE criteria, it is verified that the obtained results are typically much
lower than expected, and similar regardless of LO. The maximum deviations of these criteria
are -73% and -31%, respectively, in both cases for LO=50 mm. These criteria present very low
Pmáx values because the limit stresses and strains are reached quickly in the zones of stress
and strain concentration, and because Pmáx is considered to be attained at the onset of crack
propagation.
The XFEM was found to be adequate to predict the joint strength using the QUADS and
MAXS criteria, where it presents fairly accurate results.
REFERENCES
[1] da Silva, L.F.M. and Campilho, R.D.S.G. (2012). Advances in numerical modelling of
adhesive joints. Heidelberg, Springer.

-312-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7241

MIXED-MODE FRACTURE OF BONDED JOINTS USING THE
ASYMMETRIC TAPERED DOUBLE-CANTILEVER BEAM TEST
F.A.A. Nunes1(*), R.D.S.G. Campilho2
1
Departamento de Engenharia Mecânica, Instituto Superior de Engenharia do Porto, Instituto Politécnico do
Porto, Rua Dr. António Bernardino de Almeida, 431, 4200-072 Porto, Portugal
2
INEGI - Pólo FEUP, Rua Dr. Roberto Frias, s/n, 4200-465 Porto, Portugal
(*)
Email: raulcampilho@gmail.com

ABSTRACT
In this work, the Asymmetric Tapered Double-Cantilever Beam (ATDCB) mixed-mode test is
studied to estimate the fracture envelope of three adhesives with different ductility. The
experimental load-displacement (P-δ) curves and R-curves were calculated and the fracture
envelopes of each adhesive were built, which enabled calculating the most suitable
propagation criterion in mixed-mode to be applied in numerical simulations. Mixed-mode
cohesive zone model (CZM) laws were built based on the obtained data, and the respective
numerical results were compared with the experiments, which enabled validating the CZM
laws and the mixed-mode propagation criterion of each adhesive. A numerical sensitivity
study of the CZM law parameters was also undertaken. With this work, the mixed-mode CZM
laws and the respective mixed-mode propagation criterion of three adhesives were proposed
and validated for strength prediction of adhesive joints.
Keywords: extended Finite Element Method, adhesive joint, structural adhesive.
INTRODUCTION
In order to enable the widespread use of adhesive joints in industry application, it is
fundamental to be able to predict their strength. Advanced predictive techniques such as CZM
require the estimation of both mechanical and fracture properties of adhesives (da Silva and
Campilho 2012). Several fracture characterization tests were developed for pure and mixedmode fracture. Under mixed-mode fracture conditions, which is the most common scenario in
real applications, CZM require defining the most adequate propagation criterion of the
adhesive to accurately predict the joints’ behaviour. In this work, the ATDCB mixed-mode
test is studied to estimate the fracture envelope of three adhesives with different ductility. The
experimental P-δ curves and R-curves were calculated and the fracture envelopes of each
adhesive were built, which enabled calculating the most suitable propagation criterion in
mixed-mode to be applied in numerical simulations. Mixed-mode CZM laws were built based
on the obtained data and the respective numerical results were compared with the
experiments, which enabled validating the CZM laws and the mixed-mode propagation
criterion of each adhesive. A numerical sensitivity study of the CZM law parameters was also
undertaken.
RESULTS AND CONCLUSIONS
Figure 1 presents different theoretical fracture envelopes for the three adhesives considered in
this work and the respective positioning of the experimental points from the ATDCB tests.
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The theoretical fracture envelopes were built using the pure-mode data applied at the
horizontal (shear data) and vertical axes (tensile data), and using four idealized curves
resulting from the application of four exponents α in the energetic criterion: 1/2, 1, 3/2 and 2,
aiming to define the most suited criterion for each of the three adhesives. A relatively low
dispersion was found for the GI/GII data points of the Araldite® AV138, which allows to
position all the specimens in a small area of the fracture envelope, quite close to the α=½
criterion and, thus, to easily identify the ½ criterion as the most suitable mixed mode criterion
to describe the behavior of this adhesive. The obtained results for the specimens bonded with
the Araldite® 2015 equally show a small dispersion of data points, which allows to easily
locate the optimal propagation criterion for this adhesive (α=½). By analyzing the
experimental fracture envelope of the SikaForce® 7752, some dispersion in the GI and GII
values can be found. However, all points are clearly closer to the α=2 criterion, which the
most adequate one for the simulation of bonded joints with this adhesive.

(a)

(b)

(c)
Fig. 1 - Idealised fracture envelopes and experimental GI/GII data points for each of the adhesives:
(a) Araldite® AV138, (b) Araldite® 2015 and (c) Sikaforce® 7752.
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ABSTRACT
Through the use of finite element models of full vehicles and digitized proving ground tracks
is possible to generate durability load time histories at the early stages of a project, providing
reliable data to evaluate critical components such as the rear suspension since the beginning
of a development. However, during the vehicle design, optimization of vehicle and
suspension characteristics to suit customer desires, fuel efficiency targets and ride and
handling performance is a continuous process. This optimization process affects the durability
loads generation, affecting the vehicle durability. This study aims to evaluate the effect of
these vehicle and suspensions characteristics changes in a twist rear beam suspension
durability.
Keywords: durability, fatigue, rear suspension, load generation, twist beam suspension.
INTRODUCTION
During a vehicle design, the durability loads definition is one of the key inputs for a correct
development. The numerical loads generation technique allows the creation of durability load
cycles in various design stages. During the course of the project, vehicle and suspension
characteristics are optimized according with target’s needs. These changes can modify the
loads generation, by altering the way that the loads are transmitted and absorbed by the
suspension and the vehicle body. An initial sensitivity analyses can indicate which of the
characteristics have the biggest effects on the loads generation and, consequently, on the rear
suspension durability.
A full vehicle finite element model is used to generate the durability load cycle by using a
series of digitized tracks of a durability proving ground simulating a full durability schedule.
Figure 1 shows three of the digitized tracks. This first data is used as an input in a finite
element rear suspension fatigue analysis. This first analysis will be used as a baseline result.
The critical fatigue areas for the rear suspension will be defined and the most damaging tracks
for these specific areas will be selected and used in the subsequent analyses.
Vehicle and suspension characteristics, such as centre of gravity height, wheel and tire sizes
and pressure, bumper and spring stiffness and rear suspension torsional stiffness will be
evaluated regarding their effects on the rear suspension durability through sensitivity
analyses. A series of full vehicle models considering changes in these characteristics will be
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created through a DOE, and the loads generation for the most damaging tracks for each one
will be generated.
These analyses will allow the critical parameters identification for the rear suspension
durability. This is an important knowledge that will assist in the correct development of a rear
suspension since the early stages of the project.

Fig. 1 - Digitized Proving Ground Tracks
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ABSTRACT
This work compares two methodologies to investigate plastic strain accumulation on a heavy
haul railway wheel in pure rolling. Firstly, a finite element model was employed to simulate
the wheel-rail interaction, producing plastic accumulation on a region of wheel tread after six
passes. Then, a load distribution with elliptical shape estimated by analytical Hertz Theory
was applied as distributed nodal forces on the wheel tread with a FE model. The simulations
show the significant gain in computational cost with the semi analytical modeling because of
the mesh reduction and the kind of element interactions of rail and wheel during the rolling in
the first case. This allows for faster analysis of more complexes problems with this coupled
approach.
Keywords: Finite Element Model, wheel-rail interaction, plastic accumulation, Hertz theory.
INTRODUCTION
The exchange or machining of railway wheels are among the main expenses in heavy haul
railway transport. The analyzes of the internal stresses on the wheel during rolling can assist
designers in identifying the optimum operating conditions and designs to avoid or at least to
control rolling contact fatigue - RCF (Daves, 2016). Some authors report analytical studies
comparing codes such as FASTSIM and CONTACT (Kalker, 1982) with Hertz's analytical
theory, linear and non-linear, to validate methodologies to estimate the distribution of stresses
in the wheel-rail contact region (Tao et al., 2016). These studies investigate mainly the forces
in the contact region, but do not allow the analysis of the wheel interior, through the
calculation of the stress and strain distribution.
Investigations of wheel defects can be conducted using numerical simulation, but the
precision of the results depends on the assumptions for the model (Gerlici and Lack, 2010).
Some authors present simulations that couple Hertz's Analytical Theory and the Finite
Element Method in order to develop more advanced and faster models for this investigation
(Cuperus and Venter, 2017). These applications are commonly found in railway rails studies,
as proposed by Srivastava (2017), but not in railway wheels. The latter is usually done with
numerical simulations based on the resolution of the full contact problem, i.e. with the wheel
and rail.
On the investigation conducted with numerical analysis, the adequate representation of the
real phenomenon will directly reflect on the results. Naemi et al. (2018) presents an extensive
and well discussed work, with different numerical models in finite element analysis of
wheel/rail interaction - elastic, plastic, elastoplastic, and thermoelastoplastic approaches.
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However, the authors work with a flat wheel geometry, which differs from the reality of
railway wheels, which are conical. Wu et al. (2017) also conducted a 3-D analysis of thermalmechanical behavior of wheel/rail sliding contact, considering the temperature variation of
contact components. The results were developed in a wheel with a flat shape, simplifying the
analysis.
Other authors also perform internal analyzes of crack propagation in simplified models, using
two-dimensional meshes (Kracalik, 2016; Trollé, 2014). In these cases, some influence
factors are omitted, such as the hoop stress from manufacturing process that cannot be
inserted into the simplified model and will strongly interferes in the results. Moreover, the
Shakedown formation cannot be analyzed with these two-dimensional simulations. This
phenomenon is responsible for the variations in the stresses and internal deformations of the
wheel after plastic strain accumulation that happens during the rolling process (Williams,
2005).
The present work investigated the plastic accumulation until the stabilization of the
deformations and the formation of elastic shakedown through two different methodologies.
The first one considers the pure rolling of wheel on a rail employing a three-dimensional
elastoplastic model and the finite element method with Ansys 18.0. The second one
considers only the three-dimensional finite element model of the wheel, with the application
of nodal forces in the wheel tread. These forces were determined by the contact pressure
distribution estimated by Hertz theory and discretized for each element of the surface using a
special developed MatLab code.
NUMERICAL PROCEDURE
The numerical procedures adopted in this work are related with two different simulations:
firstly, a method that is commonly found in the literature, consisting in a wheel/rail interaction
with resolution of contact problem by FE analysis; furthermore, a second simplified coupled
method using finite element analysis and Hertz’s theory.
The study was developed with an AAR C-38-wheel geometry and the mesh used has 1 mmthickness on the contact region, for both simulations. A hexahedral element type Solid185
was used; it is defined by eight nodes having three degrees of freedom at each node, which
are the translations in the nodal x, y, and z directions. The material is considered to behave
elastoplastically, with the mechanical properties given in Table 1. To simplify the analysis,
dynamics effects are not considered. However, a correction value of vertical load was
assumed to compensate this simplification as follows: considering a normal load of 16 Ton
for an ore wagon, an increase of approximately 20% in this value is assumed to account for
different possible oscillations; that will increment the vertical load to 19 Ton. A total of six
rolling passes were performed in each approach. This number of passes is enough to lead to
plastic stabilization. Only a wheel portion around the wheel/rail contact position was
employed in the solid model in the contact position - the submodel. A multilinear kinematic
hardening approach was adopted to describe the material behavior in both models.
Table 1 - Mechanical Properties
Property

Unity

Value

Young Modulus

E [MPa]

210

Yield Stress

σe [MPa]

750

Ultimate Tensile Strength

σu [MPa]

1220

ν[-]

0.3

Poisso’s ratio
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The 3D submodel of the wheel and rail is presented in Figure 1(a). It was developed to
simulate the rolling movement of the wheel on the rail. This procedure demands significant
computational cost because of the number of elements required to describe the contact
interaction, however it is faster than using the whole wheel. Besides, thinner meshes are
necessary to allow for the elastoplastic behavior. Initially, the simulation of rolling was made
with a non-refined 3D full model; then the displacement results are extrapolated to the
submodel boundaries. The reason is to obtain the displacements far from the contact region.
With that, the effect of the boundaries will be considered in the stresses in the contact region.
Hence, the whole wheel model can be simplified to a piece of the whole wheel and only the
submodel mesh is refined, aiming to improve the results faster calculation. Augmented
Lagrange formulation was used for contact interaction in the submodel. For the surfaces
interaction, Targe170 (rail head) and Conta173 (wheel tread) contact elements were used,
considering pure rolling, with a friction coefficient of 0.3 to resist the expansion in the
contact.
Another method is proposed here, hereby denominate coupled method. It consists in the use
of a 3D finite element model of a railway wheel, as indicate in Figure 1(b), and the Hertz’s
analytical theory. The analytical theory is used to calculate the contact pressure distribution
and the contact area between wheel and rail. This pressure distribution is applied on the wheel
tread surface as nodal forces in the contact area. The magnitudes of the forces are previously
calculated using a program in Matlab® Software. The contact forces distribution moves on
wheel tread surface, simulating the effect of rolling. Previously, the wheel tread was mapped
to know what is the identification number of the nodes which will receives the distribution of
loads at every step during each pass. Thus, an elliptical shape pattern representing the
distributed load moves from one position to the next, step by step, of each time during the
rolling process. An extensive data file is generated and then it is read by Ansys APDL
interface, generating a dynamic application of loads on the wheel as a rolling movement, by
steps of static analyses.

Full model

Submodel
(a)

Coupled model

Full model
(b)

Fig. 1 - 3D mesh submodel of pure rolling (a) and coupled method (b)
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RESULTS
Figure 2 presents the Von misses stress after six passes, when the plastic stabilization was
obtained. Pure rolling in 3D submodel results are shown in Figure 2 (a) and (b) and the
coupled method results in Figure 2 (c) and (d). It is possible to observe the similarity between
the results, which clearly shows that the simplification through the application of nodal loads
can be used. For the pure rolling case, the stress field in the wheel and rail is similar, since the
mechanical properties of wheel and rail were considered the same.
The maximum stress obtained in the wheel for each simulation is higher for the coupled
method. The maximum stress is 810 MPa, against 790 with the submodel. This result can be
understood by the fact that the applied nodal force is more concentrated in the coupled
method than in the pure rolling, where the rail deforms plastically and the contact pressure
slightly changes. A further study could employ the area after the stabilization in the solid
model, to check the effect of its dimension and propose a correction factor.

(a)

(b)

(c)

(d)

Fig. 2 - Von Misses Stress after plastic stabilization: (a) and (b) longitudinal and crosssection, respectively, in pure rolling and (c) and (d) by coupled method

The high loads applied on the wheel are supported by a little contact area and, consequently,
the maximum stress exceeds the yield stress. To analyze the permanent deformations of the
wheel during the rolling process, Figure 3 (a) shows the evolution of plastic strain as a
function of wheel displacement for the pure rolling simulation and Figure 3 (b) shows the
same for the coupled model. The selected position is located three mm above the wheel tread
surface. Considering that both the wheel and rail undergo plastic strain in rolling model
simulation, the ultimate strain is different from the coupled model. In the coupled method, the
applied forces are distributed in an elliptical shape and this distribution keeps constant
throughout the simulation. Besides, because of the elastoplastic behavior and noting that the
-320-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

stress levels are just above the yield stress, a small variation in the stresses could cause a
significant increase in the plastic strain, resulting in the differences presented in Figure 3.
Lastly, the resulting Elastic Shakedown can be seen in Figure 4(a) for the pure rolling
simulation and in Figure 4(b) for the coupled method. In first case, lower magnitudes of
plastic strain are reached in the early passes; that is different for the second case. The reason
again is that the plastic strain in the rail surface changes the contact area, which reduces the
stress levels. For the coupled method, the first loading pass imposes a condition of high
deformation and then the new deformations until the stabilization don’t raise expressively. In
the case of pure rolling, more cycles were needed until the Elastic Shakedown than for the
coupled method.
The range of stresses after the stabilization is also different for both methods. This range is
particularly important because one can calculate the life after the stabilization assuming that
the stresses will variate between the limits presented in Figure 4. High cycle fatigue models
are employed for this analysis, like Dang Van’s criterium. The figure shows that the pure
rolling model predicts a range from 160 MPa to 800 MPa, while the coupled model stresses
range from 220 to 810 MPa. This difference could be important in fatigue life evaluations and
will be the objective of future researches on this subject.
Though the differences can be important, the time to perform the calculation with the coupled
method is about 40% of the total time for the pure rolling model. That suggests that the
coupled method could be an adequate alternative after future developments.

(a)

(b)
Fig. 3 - Plastic strain as a function of rolling distance and its stabilization during six cycles for pure
rolling (a) and coupled method (b) models.
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(a)

(b)

Fig. 4 - Elastic shakedown: Von misses Stress as a function of total strain during
cycles for pure rolling (a) and coupled method (b) models.

CONCLUSIONS
This works compared two methods to obtain the plastic strain stabilization for heavy haul
railway wheels. That condition is particularly important to estimate the life of the wheels until
crack initiation. The conventional method, here called pure rolling model, represents both the
wheel and the rail as solids, while the proposed alternative, here called coupled model,
replaces the rail by a force distribution calculated from Hertz’s Theory.
The results showed that there is a slight difference in the state of stresses after the
stabilization, which is attributed to the contact area. In the coupled model, the same initial
area is kept for all rolling passes of the wheel over the rail. For the pure rolling model, both
the wheel and the rail undergo successive plastic deformation, which causes area variations
and consequent stress changes. Both models reached stabilization before six loading passes,
and the coupled one stabilized after just three passes.
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Considering that the numerical simulation with an application of nodal forces by a contact
ellipse lasted approximately 25 hours and that the simulation for pure rolling took about 60
hours, this work allowed to highlight the efficiency of the simulation with the application of
the nodal forces in the semi-analytical approach - the coupled model. Besides, the differences
in the stress ranges are not very high, since the mean stress changes from 480 MPa to 515
MPa and the amplitude of stress variation changes from 320 MPa to 295 MPa, for the pure
rolling and coupled models, respectively. A future work will concentrate in solving the
problem of the change of the contact area during the simulation using the coupled model. A
model that considers this variation would represent better the final stress range and, from that,
would allow for more accurate and quick life estimates for wheels and rails.
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ABSTRACT
A new effecient fabrication method of various nano/micro metallic structures for various
optical nano devices is propsed in this paper. It is combination of nano chemical stamping,
metal film deposition and selective peeling with glue. Characteristics of each step was studied
experimentally using a line&space structured nano mold. It was shown that chemical
stamping was useful for selective removal of coated metal film. Various nano/micro
structures were successfully fabricated on quartz glass substrates, and feasibility of the
proposed process was velified.
Keywords: nano/micro fabrication, minute metallic structure, hot press, chemical stamp,
peeling.
INTRODUCTION
It is known that metallic nano/micro structures on an optical substrate, such as a nano-dot
array and a nano line array, exhibit unique optical characteristics attributed to LSPR
(localized surface plasmon resonance), and they are expected to be applied in various bio
sensors [1-2] and nano optical-electronical devices [3-4]. Since LSPR property depends on
the size, shape and alignment of the metallic structures, manufacturing technologies with
good accuracy and high productivity are demanded. In this paper, a new fabrication process of
metallic nano/micro structures is proposed which consists of combination of chemical
stamping, metal film deposition and peeling technique to achieve high productivity and low
cost production. Objective of this paper is to study characteristics of each process steps, and
to verify feasibility of the process for efficient fabrication of metallic nano/micro structures
for optical nano devices.
RESULTS AND CONCLUSIONS
Figure 1 illustrates the nano/micro fabrications process newly proposed in this paper. It
comprises of four steps. (1) A polymer film mold of nano/micro structures is made by
duplicating a silicon mother mold by hot embossing method. (2) Liquid chemical is dropped
on the polymer film mold, and the film mold is pressed on a quartz glass substrate that is
cleaned by Ar sputter etching preliminary. (3) After the substrate is dried in air, Au is
deposited on the substrate by using a DC sputter coater. Then, PVAc (polyvinyl acetate) is
coated on the Au layer. (4) After curing of PVAc, the PVAc layer is peeled off from the
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substrate manually. Due to degrade of bonding strength between the Au layer and the
substrate by the stamped acetone, the Au layer on the acetone stamp is peeled off with the
PVAc layer. Finally, an Au nano/micro structure remains on the glass substrate.
Figure 2 shows an example of AFM image and the surface profile of the polymer film mold
produced by the hot embossing method. It is confirmed that a uniform line&space structure
with crests of 2 µm in width and grooves of 1 µm in width was fabricated.
Figure 3 shows an AFM image and surface profile of Au nanowires fabricated on a glass
substrate after peeling operation. It is apparent that Au layer on the stamped acetone bands
were removed by peeling the PVAc layer off. It was found that average thickness of
nanowires was about 10 nm and the average width of nanowires was about 1 µm. Width of
the nanowires agrees with the grooves of the polymer mold. It was verified that chemical
stamping was useful for selective removal of coated metal layer in nano/micro size. In
addition, various metallic nano/micro structures were fabricated by the proposed method, and
feasibility of the process was verified.

Fig. 1 - Illustration of proposed nano/micro fabrication process.

Fig. 2 - AFM image and surface profile of a
polymer film mold.

Fig. 3 - AFM image and surface profile of gold
nanowires fabricated with a glass substrate.
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ABSTRACT
Microstructure evolution of nano-indented zone of nanocrystalline ZrN coating has been
investigated by transmission electron microscopy. Dislocation glides together with
microcrack initiation and propagation contribute to the plastic deformation of the ZrN
coating. The microcracks preferentially initiate just underneath the contact surface and then
propagate along the columnar yet weak bonded grain boundaries. The microcrack propagation
is found to be the probable factor deteriorating the coating hardness. Strategy to improve the
coating hardness via strengthening the grain boundaries has been discussed.
Keywords: plastic deformation, dislocations, microstructure, ZrN coating.
INTRODUCTION
Nanocrystallization is one of the most important methods for strengthening materials.
However, nanocrystalline materials often reveal a limited ductility owing to the occurrence of
unstable plastic deformation. Investigations into the plastic deformation of the nanocrystalline
materials have revealed that the inside of each nanograin has a low density of dislocations.
Balance has been established between generation of dislocations and absorption of
dislocations at grain boundaries (GBs). Thus, GBs dominated deformation mechanisms (such
as GBs sliding, emission of full and partial dislocations from the GBs, twinning, grain
rotations, etc.) have been suggested to be responsible for the plastic deformation. However,
these reported investigations mainly focused on metals or alloys. Only scant information
about the deformation mechanisms of nanocrystalline transition-metal nitride coatings has
been recorded.
Recent advancements in focused ion beam (FIB) machining have enabled the investigation of
nanoscale deformationof the hard coatings. Initiation and propagation of microcracks
underneath indentation have been observed in TiN, TiAlN, nanocomposite Ti-Si-N and
multilayered TiN/CrN coatings, etc. However, initiation site and propagation path of the
microcracks, lattice defects (such as dislocations) produced by the deformation are still
relatively unclear. Therefore, the objective of this work is to make a better understanding of
the plastic deformation behavior of the nanocrystalline nitride coatings.
RESULTS AND CONCLUSIONS
The ZrN coating was deposited on silicon (1 0 0) wafers by reactive DC magnetron sputtering
from a metallic Zr target. The nanoscale deformation zone of the ZrN coating was produced
by nanoindentation test. The plastic work provided the necessary energy for the formation and
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growth of defects (microcracks and dislocations) in the deformed zone. As such, an analytical
TEM study was performed to obtain a structural insight into these defects.
Figure 1 shows bright field TEM images of the deformed zone underneath the indentation of
the ZrN. In Figure 1(a), a dense and columnar microstructure can be observed in the fcc-type
ZrN coating (revealed by the inserted SAED pattern). A V-shaped indentation exhibits a
residual depth of 130~140 nm, agreeing well with the result of the loading-displacement
curve. In Figure 1(b), microcracks (marked by arrows) and dislocation tanglings (marked by
circles) can be found underneath the nanoindentation. This is substantially different from the
dislocation-dominated plastic deformation behavior, which usually has a severe plastically
deformed region with few or no cracks. The microcrack length is found to be several hundred
nanometers. The number of the microcracks reachs the maximum just underneath the contact
surface and decreases towards the inner parts of the coating. Additionally, the microcracks
reveal a contrary propagation direction against the grain growth. These TEM observations
reveal that both the microcracks and the dislocations play crucial roles in the plastic
deformation of the ZrN coating. In Figure 1(c), the top view of the columnar ZrN grain
exhibits a width of ~70 nm. It can be clearly seen that the microcrack initiates at the GBs and
then propagates along the GBs. No microcrack deflection can be found in the ZrN coating.
Figure 1(d) reveals that the microcrack initiated just underneath the indenter tip propagates
along the GBs as well. The microcrack propagation along the GBs indicates that the GBs
possess a poor bonding strength than that of the ZrN grains. Consequently, in the case of
suffering from a heavy loading such as the scratch test, the fracture of the ZrN coating
preferentially occurs by the microcrack propagation along the columnar GBs.

Fig. 1 - TEM images of the deformed zone underneath the indentation. (a) An overview of the
indentation; (b) higher magnification image of framed region A; (c) microcrack initiation and
propagation; (d) higher magnification image of framed region B in (b).

In summary, the microstructure evolution of the deformed zone underneath the
nanoindentation of the ZrN coating was investigated. The plastic deformation of the coating
occurs by the formation of glide dislocations, the initiation and propagation of microcracks.
The microcracks preferentially propagate along the columnar grain boundaries of the ZrN
coating.
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ABSTRACT
This work is devoted to the study of the properties of ceramics based on a ZrO2 - 3mol%
Y2O3 nanopowder doped by different Al2O3 contents. The effect of Al2O3 additives on the
sintering kinetics, density, porosity and the amount of the monoclinic phase of zirconia is
studied.
Keywords: nanopowders, zirconia, alumina, ceramics, properties.
INTRODUCTION
Ceramics based on zirconia nanopowders have a unique set of properties in comparison with
other ceramic materials, in particular, high strength, wear resistance, chemical inertness, ionic
conductivity and biocompatibility. Such qualities already allow the use of zirconia in industry,
medicine, etc. However, zirconia ceramic requires further study and improvement of
properties. In this paper, the influence of alumina oxide doping on the sintering kinetics and
the physical properties of ceramics based on ZrO2-3mol% Y2O3 is investigated (Biamino,
2006).
RESULTS AND CONCLUSIONS
It is known that tetragonal zirconia has a significant disadvantage, namely the property of
degradation under hydrothermal conditions in the temperature range 120-300°C with a change
in the phase composition, which can lead to the destruction of the material (Figure 1). This is
due to a substantial increase in the amount of monoclinic phase, the specific volume of which
is greater than the tetragonal phase (Danilenko, 2014) (Vm> Vt≈4%).

Fig. 1 - Degradation of ceramics based on zirconia in condition T=250oC.
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M- Phase, %

The results of our studies show that doping with a small amount of Al2O3 can prevent the
formation of a large amount of monoclinic phase and, accordingly, not lead to the destruction
of ceramics (Figure 2).

Degradation time, h

Fig. 2 - Amount of M-phase from the degradation time

The obtained sintering curves showed a substantially greater shrinkage of samples doped with
2% Al2O3, which provided an increase in density and a decrease in porosity (Figure 3).

Fig. 3 - Density and porosity of ceramics

In this way, the alloying by Al2O3 of zirconia ceramics positively affects the kinetics of
sintering of these materials. Used additives can prevent the formation of M-phase, and leads
to an increase in density and monolithization of ceramics. The consequence of this is the
hydrothermal stability of the material at a temperature of 120-300°C, which was not observed
in the starting material, as well as an increase in the hardness and elastic properties of ceramic
materials.
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ABSTRACT
In the present study the multifunctional composite materials based on zirconia dopped by zinc
oxide and alumina for different applications were synthesized. It was found the
decomposition of initial supersaturated solid solution during heat treatment leads to formation
of unique multilevel nanocomposite structure of ceramic matrix. It was established that the
modification of zirconia by small amount of oxides leads to a significant enhancing of
properties of nanopowders and ceramics in comparison with oxide mixing method.
Keywords: nanopowders, zirconia, zinc oxide, alumina, ceramics, properties.
INTRODUCTION
The conception of multipurpose materials has been appearing during last several years [1-3].
These materials combine the high fracture toughness and biocompatibility, ionic conductivity
and chemical stability. They are used in energetic, technical ceramics, optics, catalysis, etc.
Electrical conductivity, catalytic and optical properties of the zirconia based nanocomposites
have due to the peculiarities of nanoparticles formation and nanoparticles surface properties.
So, controlling the structure of composites and their chemical composition allow
demonstrating the different properties of material. On our view, the key step in the zirconia in
the nanodimensional state preparation is the creation of metastable supersaturated solid
solutions and their decomposition during heating. This process opens a new possibility in
creation of different types of inclusions: clusters, grains, boundary enrichments and interfaces.
Also we have shown that the traditional ceramic technology processes impose greater
restrictions on the chemical composition of materials and parameters of technological process
stability. They used in energetic, technical ceramics, optics, catalysis, etc. Electrical
conductivity, catalytic and optical properties of the zirconia based nanocomposites are due to
the peculiarities of nanoparticles formation and nanoparticles surface properties.
RESULTS
Zirconia (3Y-TZP), zirconia based composites ZrO2-3mol%ZnO) and ZrO23mol%Y2O3+n%Al2O3 nanopowders were synthesized by co-precipitation technique. The
amount of ZnO was varied from 3 to 50 wt%, the amount of alumina was varied from 0.5 to 5
wt%. The dried zirconium hydroxides and composites were calcined. at 1000oC. All powders
of these formulations were also obtained by mixing in a planetary planetary-mill at 400 rpm
for 10 h using YSZ milling balls. X-ray analysis showed a larger amount of ZnO in mixing
powder compared to the precipitated powders (Figure 1). In order to compare our results with
mixing an appropriate amount of commercially available α-Al2O3 powder was mixed with
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obtained 3Y-TZP nanopowders in distilled water. The α-Al2O3 particle size distribution was
wide enough with an average size at 1 µm.

(a)
(b)
Fig. 1 - The XRD spectra of ZrO2 - ZnO powders: (a) by mixing technique; (b) by co-precipitation technique.

The process formation of supersaturated solid solutions of Al3+ ions in ZrO2 lattice and Al2O3
particle were found in ZrO2-3mol%Y2O3-Al2O3 composite system. In order to compare our
results with mixing an appropriate amount of commercially available α-Al2O3 powder was
mixed with obtained 3Y-TZP nanopowder in distilled water. The α-Al2O3 particle size
distribution was wide enough with an average size at 1 µm. The process of formation of
supersaturated solid solutions of Al3+ ions in ZrO2 lattice was found in ZrO2-3mol%Y2O3Al2O3 composite system. The sintering regime is also of great importance.
CONCLUSIONS
In the present study has been shown that zirconia materials in nanostructured state have a
wide spectrum of properties, which was impossible to achieve in traditional microscopic state
Powders with doping by ZnO showed good effect in the processes photocatalysis. The
ceramic composite materials sintered from synthesized nanopowders demonstrate higher
integrity and reliability: enhanced level of fracture toughness to 1.8-2 times and very high
level wear resistance in comparison to composite materials sintered from nanopowders
obtained by mixing of zirconia nanopowder with alumina. The resulting composites are not
prone to degradation under hydrothermal conditions. The process of dopant migration from
grain volume to the grain surface leads to creation of complex multilevel composite
structures, such as ion segregation on zirconia grain boundaries, clusters, intra- and
intercrystalline inclusions in zirconia grains.
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ABSTRACT
This work presents some electronic and optoelectronic applications referring to the ZnO zinc
oxide material. In materials science ZnO included in semiconductor II-VI group, has
favorable semiconductor properties, such as: good transparency, high electronic mobility,
wide bandgap, high brightness at room temperature, etc. These properties are already being
used in developing applications for transparent electrodes in liquid crystal displays and to
save electricity or heat, protect windows, etc. Important applications of zinc oxide films and
microstructure examination as well as manufacture techniques are briefly discussed. Special
attention has been paid to the effects of the microstructure and composition on the zinc oxide
thin films properties, and various characterization techniques are reported.
Keywords: thin film transistors, light emitting diodes, photocatalyst, SEM, FTIR.
INTRODUCTION
ZnO is a high energy excitation (60 MeV) high-energy (3.37 eV) high-energy semiconductor
material that provides ultra-violet emission exciton regions efficiently at room temperature.
This bandgap corresponds to a wavelength of 328 nm, within the UV light range and is
transparent to visible light as well as to the most widely used wavelengths in optical
technologies. These properties combined with the piezoelectric effect make ZnO a unique,
complete, perfect material for electronic and optoelectronic applications. ZnO is also
biodegradable and biocompatible. Since 2009 ZnO's electronic future applications are for thin
film transistors and light emitting diodes.
Also, ZnO was used as photocatalyst due to its high photosensitivity, non-toxic nature,
stability and wide band gap. Photocatalytic activities of pure and doped ZnO were
investigated for degradation of Malachite green (MG) (bis[p-dimethylaminophenyl] phenylmethylium oxalate) solution (Lavand, 2016). In order to enhance photocatalytic activity in the
visible region it is necessary to modify ZnO, by various ways such as doping it with metals or
non-metals and coupling it with other semiconductors (Malghe, 2016). Semiconducting metal
oxides such as ZnO and Cu2O are promising candidate materials for implementation in
photovoltaic applications. The Aluminum doped ZnO (AZO) thin films indicate a high
transparency in the visible region and these transparent AZO films may be open a new avenue
for optoelectronic and photonic devices applications in near future (Ghamdi, 2014). XRD
patterns have shown that the films crystallize in a hexagonal wurtzite type, and the grain sizes
decrease with increasing Al doping (Taabouche, 2016).
The methods used to study the evolution of powder crystallization properties are: NonIsothermal Differential Scanning Calorimetry (DSC), Spectroscopy of RAMAN, FTIR
Spectroscopy (PCS), Spectroscopy of Photon Correlation Spectroscopy (PCS) Fourier
Transform Infrared Spectrometry (FTIS), X-ray diffraction, Scanning force microscopy
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(SFM). Analysis of SEM images of powders and thin films obtain important data related to:
granulation, porosity, material defects, profiles, roughness, 3D viewing, thickness of layers
deposited on the support, etc. The composition of the films is analyzed with special
procedures (EDAX, AES and ICP).
Table 1 - Optical characteristics of some materials
Material

Band gap,
[eV]

Approx.
wavelength
threshold, [nm]

Material

Elements

Band gap [eV]

Approx.
wavelength
threshold, [nm]

Chalcogenics

Si
Ge

1.12
0.66

1107
1879

TiO2 (rutil)
(anatase)

Oxides
3.00
3.15

413
370

ZnO

3.35

394

WO3
MoO3
Fe2O3
SnO2

3.2
2.9
2.2
3.8

388
428
564
326

CdS
CdSe
CdTe
ZnS
ZnSe

GaAs
GaP
InAs
InP

2.42
1.70
1.50
3.2
2.58
Groups of III-V
components
1.43
2.24
0.33
1.29

512
729
827
388
481

867
554
3758
960

RESULTS AND CONCLUSIONS
Important applications of zinc oxide films and microstructure examination as well as
manufacture techniques are briefly discussed. Special attention has been paid to the effects of
the microstructure and composition on the zinc oxide thin films properties, and various
characterization techniques are reported.
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ABSTRACT
In this paper Multi-walled Carbon Nanotubes (MWNTs) - based nanocomposite films were
investigated as dynamic strain sensors for damage detection. After a thorough study to
optimize the electromechanical properties of the material as a function of the MWNTs
content, the proof-of-concept was carried out by installing the film onto the surface of a
fiberglass cantilever. The cantilever was made to oscillate through an impulsive force applied
at its free end. The free oscillations of the structure are monitored and the frequencies are
identified before and after reducing locally the cross section of the cantilever (to simulate
damage propagation). The experimental data show the capability of the manufactured
nanocomposite film to clearly identify structural frequencies in dynamic regimes. The
obtained experimental data also show that this material has the potential to monitor incipient
cracks (nano/micro-scaled cracks) due its sensitivity to nanoscale morphology changes.
Keywords: carbon nanotube, nanocomposite, strain sensor, damage detection.
INTRODUCTION
Structural health monitoring systems are essential to guarantee safety and reliability of
structures. These systems are typically made of an array of sensors coupled with data
acquisition and processing devices. Several types of sensors are used for this purpose. For
instance, strain sensors and their properties, differ from each other depending on the physical
principle that is exploited to sense strain. Piezoresistive strain sensors, in particular, are based
on the concept that the electrical resistance changes when the sensor is strained. This effect is
related to the molecular or crystal structure of the material that forms the "sensitive" part of
the device. Strain gages are largely selected to monitor deformation because of their low cost,
ease of usage and sensitivity. However they can only measure strain on the surface of the
structure and in a small number of locations/directions. Consequently, there is the need to
develop distributed monitoring systems, which can measure the occurring strain and incipient
cracks in a larger number of sensing locations and directions.
The unique electro-mechanical properties of Carbon Nanotubes (CNTs) (Lanzara, 2010;
Lanzara, 2015), make them very useful for this scope and in particular to realize ultra-light
and flexible piezoresistive strain sensors for Structural health monitoring specialized for
damage detection (Zhang, 2009).
CNTs can in fact be embedded in an insulating polymer matrix to form functional
nanocomposites characterized by a great capability to sense strain. If the hosting polymer
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matrix is mechanically flexible and in the form of a thin film, then these nanocomposites have
the potential to represent a good alternative for thin film strain sensors.
The electrical conductivity or resistivity of CNT nanocomposites, is closely related to the
conductive network formed by the conductive carbon nanotubes randomly dispersed in the
insulating polymer matrix. Thus, the piezoresistive behaviour of the sensors is strongly
influenced by the actual configuration of the CNTs network that can vary when mechanical
stress is applied (Kanoun, 2014).
A few studies were focused on the capability of CNTs nanocomposites to sense strain. Kang
et al. compared the strain sensing response of Single-walled Carbon Nanotubes (SWNTs)
buckypapers with that of SWNTs-PMMA nanocomposites. The buckypaper was found not to
be appropriate for measuring strain in the elastic range, although it showed an overall higher
sensitivity than the nanocomposite The latter were in fact characterized by a linear response
(strain) under tension and compression (Kang, 2006). Li et al. characterized samples of thin
MWNTs film with uniaxial load/unload tensile tests. The results showed that electrical
resistance changes were again closely related to the applied strain (Li, 2008). Bu et al.
investigated the effect of sonication time on the sensitivity of CNTs strain sensors. They
found that the sensitivity of the sensor was improved thanks to a longer sonication process
(Bu, 2010). A sensing skin (SWNTs-Polyelectrolyte composite) was proposed by Loh et al. to
monitor strain on cementitious composites (Loh, 2007). Finally, Vemuru et al. highlighted a
linear relationship between voltage and strain changes (Vemuru, 2009).
Despite the large amount of studies which successfully reported the possibility of using CNT
nanocomposites for strain sensing, to the best of the authors knowledge none of these studies
investigated the use of these nanocomposites as "dynamic strain sensors" for damage
detection. With this in mind, an experimental work is here conducted and the dynamic
electromechanical response of CNT nanocomposites is assessed while monitoring an
increasing damage.
MATERIALS AND NANOCOMPOSITES FABRICATION PROCESS
Multi-walled Carbon Nanotubes (MWNTs) from US Research Nanomaterials, Inc. were used
(purity higher than 95%, outer diameter between 50-80 nm, inner diameter between 5-15 µm,
net weight of 100 g, length of the tube between 10-20 µm. PolymethylMethacrilate (PMMA)
produced by Sigma Aldrich with a molecular weight of 35000 by GPC and density of 1.17
g/ml at 25°C was used to disperse MWNTs. Chloroform by Sigma Aldrich was used
(molecular weight of 119.39 g/mol, density of 1.17 g/ml at 25°C).

Fig. 1 - Nanocomposite MWNTs-PMMA film.
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For the film fabrication, it was considered a volume ratio of approximately 1:40 between the
polymer and the solvent. PMMA was dissolved in Chloroform using a mechanical stirrer for
20-30 minutes. The weighted amounts of MWNTs were added to the solution and sonicated
for 2 hours. (Pham, 2007). The sonicated solution was poured in a glass mould and was
placed in the vacuum oven for 30 minutes to realize MWNTs-PMMA nanocomposites with
different amount of nanotubes (3%, 5%, 7%, weight fractions), Figure 1.
The thickness of the samples was measured by using a microscope and the observed average
values are reported in Table 1.
Table 1 - Thickness of the sample.
3% MWNTs

82.3

µm

5% MWNTs

65.5

µm

7% MWNTs

103.0

µm

ELECTROMECHANICAL CHARACTERIZATION
Several electromechanical tests are carried out in order to correlate the electrical and the
mechanical nanocomposite response.
In this work the electrical measurements are performed using a Semiconductor Paramenter
Analyzer (Agilent), whereas the mechanical tests are carried out with a Dynamic Mechanical
Analyzer Q800 (TA Instruments). A thin copper foil and silver paint are used to make the
electrodes, on the two opposite ends of the rectangular sample.
First, the resistivity ranges are evaluated by performing electrical measurements in a stressfree configuration. A voltage from 0 to 10 V is applied and the intensity of the corresponding
current, which flows between the two electrodes, is measured. The actual resistance of the
samples is consequently identified. Because of the extreme accuracy of the adopted
acquisition system adopted, it was not necessary to provide a Wheatstone bridge-based
circuit.
As it is known, the material resistivity is directly related to the carbon nanotubes content
(Table 2) and to the conductive network formed by the neighbouring carbon nanotubes that
are physically in contact or separated by a very small gap. The electrical resistance in
particular decreases with increasing content of well dispersed carbon nanotube. This is
because a larger number of points of contact that is formed with increasing filler content. The
results highlight a linear material behaviour.
Table 2 - Resistivity of the nanocomposite films.
3% MWNTs

5% MWNTs

7% MWNTs

ρ [Ω m]

0.70

0.12

0.10

σ

0.184

0.059

0.043

Table 2 shows the average resistivity measured for different CNTs concentrations and the
relative standard deviation. As the CNTs content in the film increases, there is a less
dispersion of the experimental data and the resistivity considerably decreases.
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Tensile tests in displacement control mode are then performed. During the entire mechanical
test duration, I/V tests are carried out to evaluate the electrical resistance while the material is
strained.
The Gauge Factor (GF) of the sensor is defined to correlate the electrical and mechanical
response:
 

∆/


1

Where ∆R is the electrical resistance change, R is the initial electrical resistance (unloaded
sample), ε is the deformation.
An increasing electrical resistance is recorded with increasing applied strain, in agreement
with previous studies (Heyd, 1997; Maiti, 2002; Yang, 1999).

Fig. 3 - Gauge Factor of the film with different carbon nanotubes concentration
(3%, 5%, 7%, weight fractions).

This is because when the material is stretched, its nanoscale morphology changes and the
distance between neighbouring CNTs increases. Loss of contact or an increase of distance
between CNTs has the direct consequence of inducing a higher electrical resistance to the
overall material, in agreement with the experimental data.
The obtained experimental data highlight a nearly linear relationship between the electrical
resistance and the applied strain, up to 0.1%, as it is shown in Figure 3. The GF, that is the
slope of the curves represented in Figure 3, increases gradually for higher strain levels (over
0.1%) and decreases with increasing carbon nanotube weight fraction. It is worth noting that
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commercial strain gages, generally used in strain sensing applications, are characterized by a
GF of maximum 3 while the proposed nanocomposite has the potential to reach higher
sensitivity by controlling the CNTs concentration.
DAMAGE DETECTION
The capability of the nanocomposite to detect damage is investigated by testing the material
under dynamic loading conditions. The nanocomposite film is bonded on a fiberglass
cantilever. An impulsive force is applied on the free end of the cantilever and the oscillating
frequencies are observed (see test-setup in Figure 2). The time history of the cantilever is
acquired by using a Laser Vibrometer (Polytec), whereas the sensor response is acquired by
using a Semiconductor Parameter Analyzer (Agilent). The I/V data over time are recorded to
calculate the electrical resistance.
First the undamaged cantilever is tested to verify the capability of the sensor to identify the
dynamic response of the structure. The test is then repeated by cutting the cantilever with
symmetric and progressively larger cuts (2 mm, 4 mm and 5 mm) shown in Figure 3.

Fig. 2 - Experimental set-up.

Sensor

Damaged section

Fiberglass supporting structure

Fig. 3 - Damaged structure with the nanocomposite sensor.

The acquired oscillating frequencies of the sensor and the cantilever are compared.
Figure 4 shows the acquired oscillating frequencies of a symetrically damaged cantilever
(2mm for each side). In particular the graph reports the velocity recorded with the laser and
the resistance of the surface-mounted nanocomposite, both vs time.
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Fig. 4 - Damaged cantilever (red line) and sensor (blue line) frequencies.

Table 3 shows the oscillating frequencies of the cantilever and of the sensor.
Table 3 - Identified frequencies for the damaged beam.
b [m]

∆J[%]

fcantilever[Hz]

fsensor[Hz]

∆f[%]

0.014

-

105.1

105.1

0.00

0.010

-30

102.4

103.0

0.59

0.006

-60

98.3

97.1

-1.22

0.004

-70

84.0

83.0

-1.19

The results illustrated in Figure 4 clearly show that the nanocomposite signal is affected by a
significant noise. This can be related to the partially optimized manufacturing process, i.e. the
thickness of the obtained film is not perfectly constant and the CNTs dispersion is not
uniform as desired. Moreover, the adopted electrodes do not provide optimal connectivity.
Despite the recorded noise, the nanocomposite allows to identify the structural frequencies
with sufficient accuracy. In particular, the frequency of the undamaged structure is perfectly
identified. As damage increases, the frequency detected by the nanocomposite is highly
accurate when compared with that derived from the laser signal. The results are summarized
in Tab. 3, which shows that the two measuring systems (laser and nanocomposite) have a
difference in their response that does not exceed 1.2%.
Hence, the sensor can properly be adopted for structural monitoring applications but it can
still be improved in terms of electrical connections and CNTs dispersion.
CONCLUSION
In this study, MWNTs-PMMA nanocomposites are realized with different carbon nanotubes
amounts (3%, 5%, 7%, weight fractions).
In order to understand and characterize their functional response electromechanical tests are
performed. These tests highlight the piezoresistive properties of the material: when the
material is strained, the electrical resistance increases. This phenomenon is due to
morphology variations of the carbon nanotubes dispersion in the polymer matrix. The
experimental data show that the relationship between the deformation and the electrical
resistance is nearly linear for low deformation values.
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The Gauge Factor of the sensor is consequently defined: higher values are found for lower
CNTs concentrations.
The capability of the nanocomposite to detect damage is investigated by bonding it on a
fiberglass cantilever which was dynamically excited and monitored with the nanocomposite
and with a laser. The cantilever is then gradually damaged and the test is repeated. The
oscillating frequencies are compared.
The frequencies of the cantilever and of the laser are in great agreement and both show that
the natural frequency decreases with increasing damage
Even though the nanocomposite signal is affected by considerable noise, that is due to a nonoptimized manufacturing process, it enables to identify the structural frequency with excellent
accuracy. The results reported in this paper clearly show that the nanocomposite has the
potential to be adopted as sensor for Structural Health Monitoring applications.
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ABSTRACT
There are many studies about nanowires because nanowires have unique characteristics which
are different from bulk materials. In this study, we fabricated the copper nanowire surface
fasteners (Cu NSF) which can be connected each other based on van der Waals force at room
temperature. We have investigated the improvement of adhesion strength of them by
connecting the nanowires with different diameters and preloads, where the adhesion strength
of the Cu NSF was measured by a tensile test. As a result, the adhesion strength enhanced
significantly.
Keywords: nanowires, electrical package, room temperature connecting, adhesion strength.
INTRODUCTION
Lead-free solder has been used for surface mounting of electronic devices for conserving the
environment. However, there is a concern that the electronic parts may be damaged by
heating during connecting because lead-free solder has a high melting point. Therefore, the
development of new connecting techniques without heating is required. In addition, because
power semiconductor devices generate heat especially during operation, heat may cause
deterioration and damage of lead-free solder. Furthermore, there is a problem that the Sn
contained in lead-free solder may generate whiskers. On the other hand, in recent years,
connecting techniques using polymer hair or carbon nanotube imitating gecko's feet as a
surface fastener have been reported. These connecting techniques utilize van der Waals force
generated between the surfaces of nanomaterials. However, from the viewpoint of electrical
connecting, it is difficult to use them as a surface mounting technique because the electrical
resistance of these materials is high.
Recently, we have developed the copper nanowire surface fasteners (Cu NSF) as an electrical
conductive connector. Since copper has high electrical conductivity and is inexpensive, the
Cu NSF can be expected to be practically used as a new surface mounting technique.
Moreover, Cu NSF can be connected at room temperature utilizing van der Waals force, so
that it is possible to avoid the damage to electronic parts during solder reflow process.
However, the adhesion strength of current Cu NSF is still small as compared with traditional
solders. The reason is considered that the contact areas of the nanowires were not sufficient
because the nanowires collided and collapsed during connecting.
In this research, to suppress the collapse of nanowires, we fabricated the Cu NSF with
different diameters nanowires. In addition, to increase the contact areas of nanowires, the
increase of the preload for connecting was investigated.
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RESULTS AND CONCLUSIONS
The part views of Cu NSFs having nanowires with 100 nm and 400 nm diameters are shown
in Figure 1. The adhesion strength of the Cu NSFs having nanowires with 100 nm and 400 nm
diameter reached the largest value, and increasing with the increase of preload. This
investigation showed that the contact areas of nanowires increased and mechanical
entanglement of nanowires occurred because of increasing the preload of connecting.

(a)

(b)

Fig. 1 - SEM images of nanowire array with different diameters: (a) 100 nm; (b) 400 nm

ACKNOWLEDGMENTS
The authors gratefully acknowledge the funding by Grant-in-Aid for Scientific Research (S),
17H06146.
REFERENCES
[1] Tay AL, Haseeb ASMA, Johan MR. Addition of cobalt nanoparticles into Sn-3.8Ag0.7Cu lead-free solder by paste mixing. Soldering & Surface Mount Technology, 2011, 23,
pp. 10-14.
[2] Lidefelt U. Heat Generation in Semiconductor Devices. Journal of Applied Physics,
1994, 75, pp. 942-957.
[3] Kim KS, Yang JM, Ahn JP. The Effect of Electric Current and Surface Oxidization on
The Growth of Sn Whiskers. Applied Surface Science, 2010, 256, pp. 7166-7174.
[4] Geim AK, Dubonos SV, Grigorieva IV, Novoselov KS, Zhukov AA, Shapoval SY.
Microfabricated Adhesive Mimicking Gecko Foot-hair. Nature Materials, 2003, 2, pp. 461463.
[5] Zhao Y, Tong T, Delzeit L, Kashani A, Meyyappan M, Majumdar A. Interfacial Energy
and Strength of Multiwalled-carbon-nanotube-based Dry Adhesive. Journal of Vacuum
Science & Technology B, 2006, 24, pp. 331-335.
[6] Wang P, Ju Y, Chen MJ, Hosoi A, Song YH, Iwasaki Y. Room-Temperature Bonding
Technique Based on Copper Nanowire Surface Fastener. Applied physics Express, 2013, 6,
pp. 035001-1-035001-4.

-346-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7297

ELECTROMAGNETIC PERFORMANCE OF SPIRALLY DEFORMED
COATED NANOWIRES
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ABSTRACT
In this study, we demonstrated the spiral formation of the metal coated nanowires (NWs). The
spiral formation is a self-deformation technique based on the residual stress of the thin film.
The NW works as a conductive coil at a nanoscale. The fabricated coil has a diameter of
approximately 1-5 µm and a high conductivity (~2.18×106 /Ω·m). The conductive coil could
be used for electromagnetic sensing according to the principle of electromagnetic induction.
Specifically, it could be used for magnetic state observation and control at a nanoscale.
Keywords: core-shell structure, residual stress, stress relaxation, micro/nanocoil.
INTRODUCTION
Magnetic recording has become high-density and miniaturization. According to this, the local
detection technique of electromagnetic properties at nanoscale becomes extremely high
demand. Researchers have spent much effort to detect the magnetic properties at nanoscale,
which resulted in the development of several devices (Haberle, 2010 and Vasyukov, 2013).
For example, magnetic force microscope is a kind of scanning probe microscope, which
detects the magnetic field of the sample surface using a magnetized probe. However, a
quantitative measurement is sometimes difficult because the atomic force affects the detection
results.
In this study, we demonstrated the spiral formation of the coated NW by self-deformation
technique (Toku, 2010) based on the residual stress of the thin film. The metal coated NW
spirally formed with high conductivity. The electrical and magnetic properties of the coil were
investigated. The coil is possible to be used as an electromagnet to detect the electromagnetic
properties of nanomaterials.
RESULTS AND CONCLUSIONS
Figure 1 shows an experimental procedure. Firstly, CuO or Al NW (Mingji, 2012) was placed
on a micro cantilever using a manipulator (Fig. 1(a)). The NW was coated Cr or Pt thin film
by sputtering device (Figure 1(b)). Finally, the sample was heated in Ar gas to induce creep
deformation of the NW, which resulted in stress relaxation of thin film. This is possible
because the melting temperature of the NW is lower than that of the coated material. As a
result, the coated NW deformed spirally (Figure 1(c)). Figure 2 shows the scanning electron
microscope (SEM) image of an example of the coil placed in Au electrodes. Fabricated coil
diameter was found to be about 1-5 µm. Additionally, the current test was conducted. The
best conductivity of the coil was estimated to be approximately 2.18 ×106 /Ω·m, which was
achieved using spirally deformed Cr/Al NW.
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Fig. 1 - Schematic illustration of the experimental procedure: (a) The NW was placed on the micro
cantilever; (b) Sputtering; (c) After heating.

Fig. 2 - One of the coils in Au electrodes.

This value is extremely higher than the carbon microcoil which is reported as a conductive
microcoil (Motojima, 2003). The conductive coil is expected to be an electromagnetic sensing
device with high spatial resolution.
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ABSTRACT
Greases are visco-elastical lubricants. The application of a friction stress leads to a structural
degradation and a change of the friction and wear behaviour. An analytical description is
developed to investigate the possibility for self-organisation inside the grease film. Some
experimental work supported the described idea.
Keywords: lubricating grease, structural degradation, entropy production, self-optimization.
INTRODUCTION
If a grease is stressed in a tribological process (shear process) a degradation of the thickener
structure can be observed. These structural change is the response of the greases to the new
energetic situation.
Starting a friction process leads to a shift of the system out of the thermodynamic equilibrium.
Placed in this situation a restoring force emerges. Continuing the friction process opens up the
possibility of a stationary non-equilibrium. A further step could result in an instability.
Instability is the requirement to start a process of self-optimization and under certain conditions the creation of dissipative structures are possible.
It is assumed in this paper that the formation of dissipative structures are possible for greases
too.
RESULTS AND CONCLUSIONS
Start point is the criterion for stability with [1]
ଵ డ
ଶ డ௧

(ߜ ଶ ) ≥ 0

(1)

Working some microgeometrical parameter:
-

߰ describes the soap content

-

ߦ describes the temporary state of the grease structure

It follows
ଵ డ
ଶ డ௧

(ߜ ଶ ) =

బ డఛ డఊሶ
் డక డక

ሶ 0
(߲ߛ)ଶ ≥
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Fig. 1 - Illustration of the transition between stable and non-stable
process and interpretation of Eq. (2).

Next step is to make an analytical analysis of the effects of a dissipative structure inside the
greases film. According to [2] it is obtained
ߛ = ߛ െ

(ఛఊ)ሶ మ
ఒ்(ௗథ)మ

(3)

The assumption that ߛ is correlated with the structural degradation leads to a decreasing
degradation process with an increasing stress.
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ABSTRACT
In this contribution, results from cross-sectional X-ray nanodiffraction experiments on thin
films will be presented. The films were analysed at synchrotron facilities ESRF in Grenoble
and DESY in Hamburg ex-situ after or in-situ during indentation using X-ray beams with a
diameter down to 30nm. The results reveal complex microstructure and stress changes, which
magnitude correlates with the observed cross-sectional fracture modes in the area of the
indentation imprint.
Keywords: thin film, indentation, synchrotron X-ray nanodiffraction.
INTRODUCTION
Load-displacement curves measured during indentation experiments on hard thin films
depend on non-homogeneous intrinsic film microstructure and residual stress gradients as
well as on their changes during indenter penetration into the material. To date, microstructural
changes and local stress concentrations resulting in plastic deformation and fracture were
quantified mainly by numerical models, which suffer from poor knowledge of size dependent
material properties and the unknown intrinsic gradients. Additionally, indentation-induced
microstructural changes have been extensively studied by ex-situ and in-situ transmission
electron microscopy (TEM). TEM studies do not provide however magnitudes of internal
stress distributions and microstructural changes occurring in thin film volume under and
around the contact area during the indenter tip penetration.
In this contribution, results from ex-situ and in-situ synchrotron X-ray nanodiffraction
experiments, which were used to resolve simultaneously microstructural changes and stress
distributions in various hard thin films during or after indentation, will be presented.
Additionally, complementary finite element (FE) models as well as scanning and transmission
electron microscopy (SEM and TEM) will be presented.
RESULTS AND CONCLUSIONS
In Figure 1(a), a schematic setup of an in-situ X-ray nanodiffration experiment (Keckes,
2012) is presented. This unique setup installed at DESY in Hamburg (Zeilinger, 2016) has
been used to characterize microstructural changes and stress concentration in TiN thin film
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during indentation. Similar studies were performed also at ESRF in Grenoble and will be
presented in the contribution.
Figure 1(b) shows an example of a cross-sectional residual stress distribution in Cr sublayers
of a multi-layered CrN/Cr thin film are presented (Stefenelli, 2015). The data were recorded
after the indentation ex-situ.
(a)

(b)

Fig. 1 - A schematic setup of an in-situ X-ray nanodiffraction experiment on a TiN thin film (a), which is
indented using a wedge indenter (IND) (Zeilinger, 2016). During the indentation, the indenter platform with the
sample is moved in the X-ray beam and the diffraction data are collected using a 2D detector (CCD). In (b), a
cross-sectional distribution of in-plane residual stresses in CrN sublayers of CrN/Cr thin film recorded after an
indentation indecates high compressive and tensile stress concentrations (Stefenelli, 2015).

In this contribution, results from ex-situ and in-situ experiments on various multilayered and
monolithic thin films will be shown and the correlations to observed fracture modes will be
discussed. The experimental data will be correlated with FEM models as well as
complementary TEM results.
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ABSTRACT
A new machine for wear testing 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, 2017).
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 CONCLUSION
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
Countersample
Loading

T01M
34C4880J9 friction disk (silicon carbide,
grain 80, hardness - J, structure 9)
From 0.125 kG to 1kG

Sample types
Fe - vacuum refined Armco iron.

Fe, Al, Cu
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TT4
PS19F friction disk (silicon
carbide, grain 80)
From 0.157 kG to 0.78kG
Fe, Al, Cu
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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.
REFERENCES
[1] ITE-PIB. http://www.tribologia.org/ptt/inst/rad/T-01M.pdf
[2] Sadowski P. Energy question of the creation of particles of tribological wear [in Polish].
Unpublished doctoral dissertation. Technical University of Radom, Radom, 2008, Poland.
[3] Zurowski W. Structural factors contributing to increased wear resistance of steel friction
couples. Eksploatacja i Niezawodność - Maintenance and Reliability, 2012; 14(1), pp. 18-23.
[4] Zurowski W. Analysis of surface layers and wear products by Mössbauer spectral
analysis. Wear Volume 297, Issues 1-2, 2013, pp. 958-965.
[5] Zurowski W, Zepchlo J. Polish Patents: P. 225566, P. 227618, P. 227619, 2017.
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ABSTRACT
This article presents a study on the time series of vibration signals and sound pressure level of
a diesel engine injector, operating with different fuels, identifying signal processing
parameters that correlate with the operation and wear regimes of the component. The tests
were performed in a commercial test rig TM-507, using 3 fluids: B6 added with tensoactives;
B6 with tensoactives and water; and B6 with tensoactives, water and glycerin in order to
induce different wear mechanisms at the nozzle tip. The signal processing and analysis were
performed using Matlab and time-frequency analysis through the wavelet transform and RMS
of 6 frequency bands. The results were promising and showed that it is possible to correlate
frequency bands of the signals with the different wear mechanisms of diesel engine injector
(EI). Such tools proved to be valuable and can be integrated into a future generation of fuel
injection or On Board Diagnosis systems to help with defects diagnose and minimize
pollutant emissions.
Keywords: diesel engine, biodiesel, wear, common rail injector.

INTRODUCTION
Diesel vehicles are the most responsible sources of emission of fine PM particles, that cause
respiratory diseases, and also for the NOx production. The fuel injection and management
system of those vehicles, Common Rail, aims to control the amount of diesel injected into the
combustion chamber in order to obtain the complete combustion of the fuel and to mitigate
the emission of polluting particles and gases. The diesel EI is the component responsible for
the atomization of the fuel in the combustion chamber and its integrity is of great importance
in the proper functioning of the engine as well as in the maintenance of the emission levels of
polluting gases within the recommended limits. The EI works in transient regimes, severe
conditions of temperature, pressure, and it is subjected to erosion, cavitation, adhesion and
corrosion mechanisms, making it difficult to predict or prevent possible failures (Oliveira,
2016).
Chagas da Silva (2015), performed an interview with seven experienced mechanics about the
occurrence of injector nozzle failures in which a consensus was noticed about there is no how
predict when an EI is going to fail, due to variables related to the failure. In the interviews, it
was reported that some diesel EI presented failures within 10,000 kilometers while other
engines ran 400,000 before the first failure. However, the manufacturers recommend repairs
and bench tests to visualize spraying in the EI at each 100,000 kilometers. The mechanics also
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reported that the main causes for the failures are the lack of preventive maintenance and the
quality of the fuel.
Osipowicz and Kowalek (2014) evaluated the performance of some EI and identified through
microscopy severe damages to the components, however the damaged nozzles preserved their
performance when analyzed under the light of flow rate and leak testing which are criterias
recommended by the manufacturer.
Due to such problems, many studies aim to identify failures in EI using different monitoring
and data analysis techniques.
Moshou et al. (2014), used One-Class Support Vector Machine (OCSVM) and One-Class Self
Organizing Map (OCSOM) techniques to detect failures in diesel injector nozzles, acquiring
sound pressure level and using signal treatment techniques, with the usage of a microphone in
agricultural diesel engines. Their results show that those methods have been found to be
efficient and adaptive for detecting automatic failures in agricultural tractor engines.
Ftoutou and Chouchane (2017), used time-frequency and angle-frequency analysis in
vibration signals through STFT to identify failures in the fuel injection in diesel engines.
The present study aims to evaluate the predictive maintenance, vibration and sound pressure
level techniques to diagnose operation failures of a diesel injector nozzle in a test rig under
different wear mechanisms, induced by 3 different fuels.
MATERIALS AND METHODS
The atomization and wear tests were performed in a commercial rig, called Diesel Injector
Test - TM-507, manufactured by the company Tecnomotor located in the city of São Carlos,
Brazil, Figure 1. The evaluated nozzles were new Common Rail piezoelectrics type,
manufactured by Bosch do Brasil, with reference code DLLA 148 P1067.

Fig. 1 - Test rig Diesel Injector Test TM 507 Common Rail

The test rig had a standard configuration in which the nozzles were evaluated in four
simulated engine operating regimes: pre-injection, low load, partial load and full load. These
tests had a fixed and limited time window, just a few seconds, making it impossible to carry
out the long duration tests. In this way, it was necessary the collaboration of the manufacturer,
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TECNOMOTOR, to create new software that would allow to set the test time to last longer.
After this software update, the machine had its maximum operating time modified to
approximately 3 hours and 45 minutes, thus allowing the tests to be performed in stages. The
partial load parameters were selected: injection time of 700 µs, frequency of 18 Hz (2160
rpm) and pressure of 800 bar. The tests were performed individually and the atomization was
performed in a cylindrical glass chamber with atmospheric pressure and ambient temperature.
The microemulsions were prepared using S10 mineral diesel (10 ppm sulfur and 6%
biodiesel), the so-called R4 and R6 surfactants and the aqueous glycerin solution, which
according to the informations given by the manufacturer of the products, ULTRANEX NP 40
and ULTRANEX NP 60, it is a mixture of chemical nature of alkyl-phenyl glycolic
polyethers. The formulation was obtained by adding 1.75% (blending volume) of surfactant
R4 + 1.75% (blending volume) of surfactant R6 + 4.0 ml of distilled water for each 100 ml of
pure diesel. The emulsion was maintained under mechanical stirring and the aqueous solution
of glycerin was then added until it reached the turbidity point.
The lubricity of a lubricant is its ability to minimize friction and wear between the surfaces in
contact under load and relative movement between them. In this study, the fluid lubricity was
evaluated through tests on the High Frequency Reciprocating Rig bench (HFRR), from PCS
Instruments, Figure 2, available at the Laboratory of Tribology and Structural Integrity of
UFRN. The HFRR test is a lubricated tribological test in which an alternating movement of a
sphere on a plane (both AISI 52100 steel) is performed according to the conditions
established by ASTM D6079 (2016), which are described in Table 1. The lubricity is
evaluated, considering the mean wear scar diameter generated on the sphere, due to its
relative movement with de plane.

Fig. 2 - HFRR test rig
Table 1 - HFRR test parameters
Parameter:
Material
Load
Temperature
Time
Frequency

Condition:
52100 steel (disc and sphere)
2N
60 °C
75 minutes
50 Hz

The signals acquisition was performed using software developed in the LabView® graphic
programming language. The system used was the CompactDaq with the NI 9205 module for
volume reading, 24-bit resolution, and the NI 9234 module with 12-bit resolution for editing
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the analog output of the decibel meter, Figure 3. It was used a sampling rate of 50 KHz and a
sampling time of 0.24 seconds. The accelerometer was positioned in the direction of actuation
of the injection needle of the injector nozzle.

Fig. 3 - Sound level meter and signals acquisition modules

The NPS and vibration signal analysis was performed from the time evolution of the sample
rms measured in 10 second windows. Each point of the RMS graphs was calculated from each
sample which has 12,000 points. The frequency domain analysis of the signals was performed
through the continuous wavelet transform that is calculated by the convolution of the signal of
each sample with a wavelet function according to the following equation:

Where a is the scale parameter, b is the translation parameter, f(t) is the signal in time domain,
ψ is the mother wavelet and ψ*is the complex conjugated of ψ.
onde a é o parâmetro escala, b é o parâmetro translação, f (t) é o sinal do domínio do tempo, ψ
é wavelet mãe, e ψ* é o conjugado complexo de ψ.
The continuous wavelet transform (CWT) generates a two-dimensional map of coefficients
called scalogram, according to the following equation:
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It is defined as the square magnitude of the CWT, and has the scale converted to frequency
from the center frequency of the mother wavelet, used in the analysis. The mother wavelet
function used to analyze the signals in this study was the Morlet one.
RESULTS
The fuel lubricity analysis made by the HFRR, showed that the B6 + surfactant fuel achieves
the worst Wear Scar Diameter (WSD) result of 310 µm, Figure 4(a), followed by B6 +
surfactants + water with a WSD of 298 µm, Figure 4(b). The best result was obtained with the
fuel B6 + surfactants + water + glycerin that obtained WSD equal to 166 µm. Figure 4(c)
shows the generated scars on the spheres during the HFRR tests with the fuels under analysis.

(a) WSD 310 µm

(b) WDS 298 µm

(c) WSD 166 µm

Fig. 4 - HFRR WSD measurements

The SEM analysis allowed to identify different wear mechanisms that acted on the nozzles.
Figure 5 shows the internal image of the injector in the new condition.

Fig. 5 - SEM (SE) image of the interior of the injector nozzle
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(a)

(b)

(c)

Fig. 6 - Inner surface of the injector nozzle

The images of Figure 6 correspond to the inner surface of the nozzle, located at 1h position.
Figure 6(b) shows evidence of abrasive wear on the lower edge of the nozzle with scratches or
grooves. The grooves formed in this region probably arise due to the displacement of a hard
particle in the substrate of the nozzle's wall.
In most of the surfaces of these nozzles, there was found micropithe formation downstream of
the nozzle entrance edge, Figure 6(c). They are the result of the synergism between erosion
and cavitation and they have a diameter of approximately 2µm.
Figure 7, obtained by SEM (SE and BSE), exhibit the surfaces of the nozzles of a Common
Rail injector after 20 hours of non-continuous atomization tests with B6 + tensoactives +
water.

Fig. 7 - SEM images of the inner surface of the nozzle at position 3h showing (a) particle at the upper edge of the
nozzle, micro-spalling (red arrows) simultaneously with erosive wear on the left wall texture and (b) micropites,
indicated by arrows.

The inner surfaces of the nozzle at position 3h, Figure 7, obtained by SEM, in which it is
observed (a) micro-spalling, erosive wear, more evident by the wall texture at the left of the
nozzle, and (b) micropits at the periphery of the nozzle.
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Figure 8, obtained by SEM (SE and BSE), shows the surfaces of the nozzles of a Common
Rail injector after 62 hours of non-continuous atomization tests, using B6 + tensoactives +
water + glycerine fuel.

Fig. 8 - SEM images of the upper inner surface of the nozzle. In (a) nozzle obstruction at 11 h. In (b) shows the
britle fracture in the oxidized layer, whose magnification in (d) allows to observe microcracks. In (c)
magnification of the nozzle at position 9 h.

Figure 8 shows: (a) evidence of severe erosive and oxidative wear mechanisms, detailed in (b)
and (c). In (b) the upper surface region at the 12 h position is shown, evidencing the brittle
fracture of an oxidized layer. In (d), the presence of microcracks of oxidized layers that are in
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an expansion process, in the imminence of detachment. The points P1 (C, O, Fe, Cr, and P)
and P2 (C, O, Fe, Cr) indicated in the oxide layers of Figure 6 were identified by EDS in the
spectrograms shown in (e) and (f), respectively.
In the following topics, they are presented the time series of the vibration and NPS signals,
obtained in the different tests. The RMS time series of the vibration of the three tests is shown
in the Figure 9 below. It was noticed that the injector nozzle which worked with glycerin in
the fuel formulation, when it reached the 15 hour of testing, it presented a sudden change in
the signal level by doubling its intensity, reaching the highest value of all 3 tests, 8 gms. This
change is possibly related to the transition from the oxidative to severe oxidative wear
mechanism in which the oxide layer reached a thickness limit and began to crack as observed
in SEM images. After identifying this transition, assuring the severity of the damage, the test
was reprogrammed until it reached the catastrophic failure of the diesel injector nozzle that
occurred at 62 hours of test when it completely stopped working.

Fig. 9 - Vibration signal of the injector nozzle, working with the 3 tested fuels.

It is also observed in Figure 9 that the vibration signal of the EI which worked with B6 +
tensoactives was kept almost constant and reached the same level as observed when the
oxidative wear mechanism occurred in the test performed with the glycerol in fuel
composition. Probably, the water present in the fuel formulation contributed to the formation
of a thin oxide layer which during the 20 hours of testing contributed to the reduction of the
friction, reducing the vibration of the engine injector. Although the SEM images showed the
erosive-cavitative and micro-spalling wear mechanisms. It is very likely that oxidation is the
predominant wear mechanism for this test.
The injector which worked without water in the fuel composition had the highest vibration
levels during the 15 hours of the test while the other injectors possibly presented the
predominance of oxidative wear mechanism in that period.
The time series of NPS signal, Figure 10, shows that the response of the EI with
predominance of erosive-cavitative wear was increasing, with the maximum level of 45 mV
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(B6 + tensoactive). The signal obtained using B6 + tensoactives showed to be decreasing,
reaching the level of 35 mV at the end of the test, which is the same level as the test in which
severe oxidative wear occurred. The injector nozzle that ran with glycerin in the fuel,
presented the lower NPS level compared to the other tested injectors. However, the NPS
signal was unable to detect the transition from regular oxidative wear to severe oxidative wear
as identified by the vibration signal. These data showed a direct correlation between NPS
signal and lubricity of the fuel, quantified by the WSD in HFFR tests, which is related to the
biodiesel content.
The time series of SPL, Figure 10, show that the response of the EI with predominance of
erosion-cavitation wear was increasing reaching the maximum value of 45 mV (B6 +
tensoactive). The EI signal using B6 + surfactant + water decreased, ending the test at 35 mV,
at the same level as the test that presented severe oxidative wear. The injector nozzle that used
the glycerin in the fuel obtained the lowest SPL in relation to the other tests, however the SPL
could not detect the transition from the oxidative mechanism to severe oxidative, as was
possible with the vibration signal. These data showed that the SPL presented a direct
correlation with the WSD quantified in the HFFR test that, according to Farias (2013), is
related to the biodiesel content, however the SPL was not sensitive to the oxidative wear
mechanism of the diesel injector nozzle.

Fig. 10 - NPS signal emitted by the injector nozzle, when working with the 3 tested fuels.

In order to better understand the effects of the wear mechanisms on the studied signals, a
time-frequency analysis was performed by means of the wavelet transform in which it was
sought to identify which frequencies are related to the wear mechanisms identified in the
diesel injector nozzles. The frequency spectrum was divided into the following bands: FB1 (0
- 781 Hz), FB2 (781 - 1560 Hz), FB3 (1560 - 3120 Hz), FB4 (3120 - 6250 Hz), FB5 (6250 12500 Hz), e FB6 (12500 - 25000 Hz).
The following Figure 11. shows the vibration signal spectrogram of a sample from each test
as well as the RMS of the six frequency bands. (A) and (b) are from the B6 + tensoactive test,
(c) and (d) from B6 + tensoactive + water test, (e) and (f) are from the test that run with B6 +
water + glycerin. The samples were obtained after approximately 19 h of test when the
predominant mechanisms of erosive-cavitative, oxidative and oxidative wear were observed
in each test.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 11 - Vibration signal spectrogram of a sample from each test and the RMS of the six frequency bands. In (a)
and (b) are from the B6 + tensoactive test, (c) and (d) from B6 + tensoactive + water test, (e) and (f) are from the
test that run with B6 + water + glycerin.

It is observed in the bar graph, Figure 11(a), that when the predominant mechanism is
cavitation-erosion the FB6 frequency band has the highest energy in the vibration signal. The
spectrogram of this signal showed that this higher energy occurs during the beginning of fuel
injection. When the wear mechanism is predominantly oxidative, Figure 11(c), the energies of
the frequency bands FB5 and FB6 are approximately equal, but when the predominant
mechanism is the severe oxidative, Figure 11(e), FB5 has the highest energy. In this case the
highest energy occurs at the final moments of the fuel injection according to the spectrogram
in Figure 11(f).
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The following Figure 12 shows the SPL signal spectrogram of a sample from each test as well
as the RMS of the six frequency bands. (A) and (b) are from the B6 + tensoactive test, (c) and
(d) from B6 + tensoactive + water test, (e) and (f) are from the test that run with B6 + water +
glycerin. The samples were obtained at the same instants as the vibration samples that were
analyzed.

(a)

(b)

(c)

(d)

(f)
(e)
Fig.12 SPL signal spectrogram of a sample from each and the RMS of the six frequency bands. (a) and (b) are
from the B6 + tensoactive test, (c) and (d) from B6 + tensoactive + water test, (e) and (f) are from the test that
run with B6 + water + glycerin.

It is observed in Figure 12 that the frequency bands energy of the SPL samples of the three
tests showed the same inverse behavior with respect to the frequencies. It should be noted that
band B2 in (b), which is relative to the B6 + tensoactives test, has the highest energy in
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relation to B2 from other tests and that the spectrogram (b) shows significant energy points
with a frequency of 1 KHz. Such characteristics are possibly related to cavitation-erosion. The
other graphs and spectrograms of the other two tests showed no significant differences and the
SPL was not sensitive to the change from the oxidative mechanism to severe oxidative wear.
CONCLUSION
In this study it was observed that the vibration and sound pressure level, as predictive
maintenance techniques, showed different characteristics in identifying damage to common
rail injector nozzles when subjected to bench test. The SPL acquired from the nozzles tested
with fuels of different lubricities showed a direct correlation with the WSD from the HFRR
tests but did not corroborate with the damage severity generated in the injector nozzles. The
RMS of the vibration signal measured in the needle motion direction was able to identify the
transition from the oxidative to severe oxidative wear mechanism. The time-frequency
analysis through the wavelet transform showed that the moment of greatest energy occurred
in the beginning of fuel injection for the erosive-cavitative mechanisms and during the final
moment for the severe oxidative. The peaks of energy of these signals also occur in different
frequency bands.
The results are promising and showed that it is possible to correlate frequency bands of the
vibration signals with the different wear mechanisms of diesel EI. Such tools proved to be
valuable and can be integrated into a future generation of fuel injection or On-Board
Diagnosis systems to help with defects diagnose and minimize pollutant emissions.
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ABSTRACT
The similar composition to matrix magnesium alloy coating was prepared on the surface of
magnesium alloy via high power laser cladding. Micro-morphology of repairing coating was
characterized by scanning electron microscopy (SEM). The energy-dispersive spectrometer
(EDS) and X-ray diffraction (XRD) confirmed the phase of coating. The microhardness of the
magnesium alloy coatings were analyzed by microhardness tester. It was found that coatings
showed good adhesion to magnesium alloy substrate. The average grain diameters of laser
repaired coatings were significantly smaller than that of casting base metal, and the
microstructure of laser repaired coatings consisted of the matrix α-Mg and the lamellar βMg17Al12 in the grain boundaries. The coating has the average micro-hardness about 180 HV,
which is 2-3 times higher than that of the rare magnesium matrix.
Keywords: magnesium alloys, microstructure, laser cladding, repairing.

INTRODUCTION
Due to poor surface properties, magnesium alloys are gaining interest in improving the
corrosion and wear resistance. In addition, based on environmental and economic purpose of
obtaining superior appearance and performance, economical repair of magnesium alloys parts
also focus on academic and industrial fields. As a near-net-shape technique, laser process
treatments have been investigated for the most common structural metals: steels and
aluminium alloys. Little work was reported on laser cladding treatment can be used to repair
magnesium parts or performance analysis after repairing. Compared with the conventional
repair process, laser cladding have many advantages such as low and precise heat input, small
HAZ, high processing speed and productivity and so on. Repair of the magnesium alloy parts
by laser cladding is an advantageous solution in terms of performance requirement, as well as
time-saving and cost-saving.
In order to avoid the high reflection rate magnesium alloy at elevated temperature, especially
decreased thickness, incomplete fusion and unsatisfied performance by low power laser, high
power laser with selected parameters was used in our research work. In this study, the asreceived rate earth-magnesium alloy (2.76 wt% RE (Nd), 0.36 wt% Zn, 0.46 wt% Zr, and Mg
in balance) was used as the substrate for laser cladding treatment with the wire which was
similar composition to matrix magnesium alloy. The micro morphology of coating was
characterized by scanning electron microscopy (SEM), energy-dispersive spectrometer (EDS)
and X-ray diffraction (XRD). Micro-hardness was measured by means of a micro-hardness
tested.
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RESULTS AND CONCLUSIONS
Figure 1 is cross-section high magnification SEM image of the coating and the substrate. It is
noted that the crystalline grains are much smaller (about 2-5µm) and regular than in the
substrate (about 20-50µm). The results from the micro-hardness tests are shown in Figure 2.
The coating has the average micro-hardness about 180 HV, which is 2-3 times higher than
that of the rare magnesium matrix.

(a)
(b)
Fig. 1 - SEM images of laser cladding (a) and the substrate(b)

(a)

(b)
Fig. 2 - micro-hardness test results

This study shows that it is a reliable and feasible process to repair the magnesium alloy
components using laser surface cladding by wire with a similar composition to the matrix.
Further tests should be performed in order to analyze other mechanical properties, such as
fatigue properties.
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ABSTRACT
The contribution explains a possibility of using design S-N curves and design stress spectra
for probabilistic fatigue life assessment of vehicle components. The design S-N curves can be
considered on the basis of either experiments or using some standards. The design stress
spectra can be generated theoretically, but it is more appropriate to derive them from the
results of representative stress measurement during the characteristic operation of the vehicle.
The resulting fatigue life distribution function is then a probabilistic interpretation of the
service fatigue life of the vehicle component under consideration.
Keywords: S-N curve, stress spectrum, fatigue life, vehicle component, probabilistic
approach.
INTRODUCTION
Typical input information for evaluating the fatigue life of critical sections in structures under
cyclic loading with respect to high-cycle fatigue includes the S-N curve and stress spectra for
the key operating modes. The S-N curves can be constructed using fatigue data from a
sufficient number of test pieces representing the structural detail under examination.
Statistical evaluation of fatigue tests can provide confidence intervals and tolerance limits for
the chosen probability of a particular curve and the corresponding coefficients. However, it
can also be determined by estimations or obtained from standards for design of structures (BS
7608:1993).
The stress-spectra are most often evaluated by the application of the "rain flow" method to
measured stress-time histories. However, the resulting histogram of load cycles often has a
characteristic shape and design stress spectra representing the required life can therefore be
derived theoretically from experience (Neugebauer, 1989).
In order to convert the stress data into fatigue damage levels by means of calculation,
cumulative damage hypothesis is employed e.g. Miner´s rule. Based on relevant stress spectra
and S-N curve parameters, the fatigue damage is calculated and the service life estimate is
obtained and compared with the requirement for the part’s life. Authors in last IRF conference
(Kepka, 2016) performed parametric calculations of allowable service stresses in vehicle
components under fatigue loading.
The fatigue properties of the construction nodes, however, show scattering and their service
load is often random. For this reason, the probability interpretation of fatigue life calculations
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is more correct than the deterministic interpretation. An acceptable form of such a result is the
fatigue life distribution function (Figure 1). The principle of its derivation has already been
presented in the literature by way an example of a structural node of an articulated bus
(Kepka, 2016).

Fig. 1 - Fatigue life distribution function

Over the last twenty years, Research and Testing Institute Plzen has been developing a
methodology of computational and experimental investigation of strength and fatigue life of
bodies of road vehicles for mass passenger transport. A summary of this methodology - which
was used for designing many Skoda trolleybuses and buses - has already been presented to the
public (Kepka, 2009). It involves computational estimation of fatigue service life of structural
details of the vehicle body. It continues to be developed by the Regional Technological
Institute, which is a research center of the Faculty of Mechanical Engineering of University of
West Bohemia (Kepka, 2015).
The detail of interest was a severely stressed beam joint in the top corner of the door opening
in the bus body shown in Figure 2. The critical cross section was monitored by strain gauge
T6. The desired (design) fatigue service life of the virtual vehicle in question was defined via
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vehicle mileage: Ld = 1 000 000 km. This study is a virtual investigation because the specific
values used in commercial contracts for various manufacturers are confidential. However, the
values and data employed in this study are realistic and can be encountered in real life of a
bus or a similar vehicle (trolleybus, battery bus or other vehicle).

Fig. 2 - Schematic illustration of the detail of interest - important strain gauge T6

In order to calculate fatigue service life of structures and their parts operating under cyclic
loads, the following data are necessary:
• Information on their fatigue strength;
• Information on their service loads.
In high-cycle fatigue scenarios, the input data includes:
• The S-N curve;
• Stress spectra for major operating modes.
This input information must apply to the same (critical) cross-section of the component.
Stress characteristics are converted to fatigue damage using cumulative damage rules, which
have been proposed by various authors (Palmgren-Miner, Corten-Dolan, Haibach and others).
S-N CURVE: THEORETICAL BACKGROUND
A durability of a material or a component against high cycle fatigue damage is usually
characterized by an S-N curve, which describes a relationship between stress amplitude σ (or
stress range ∆) and cycles to fatigue failure  (or occurrence of a macroscopic fatigue
crack). Some standards (for example British Standard BS 7608) are suitable for taking into
account the scatter of material properties (or fatigue characteristics of an assessed
construction nodes). In this standard, the fatigue curve is defined as follows:
log       ∙    ∙ log ,

(1)

where
 is the number of cycles to limit fatigue stage,
 stands for the stress amplitude,
 is the inverse slope of the  versus log  ,
 is the standard deviation of log  ,
 is the number of standard deviations  below the mean fatigue life curve,
C0 is parameter defining the mean line S-N relationship.
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Standard deviation of log  can be calculated on basis of experimental data, the value of
standard deviation can be also found in the literature (standards and guidelines). Fatigue
curves for a various certainty of survival can be described by selecting standard deviation. For
instance, at  = 0, equation (1) describes a mid-range fatigue curve (failure probability of
50%). Fatigue curves shifted by two standard deviations ( = 2) below the mean curve,
provided that log-normal distribution applies, represent a failure probability of 2.3% (this
means a probability of survival of 97.7%). The certainty of survival is converted to a standard
deviation using the following values. Linear interpolation is used for values not in the Table
1.
Table 1 - Certainty of survival conversion to standard deviation
Certainty of survival (%)

d - Number of standard deviations

99.9

-3

99.4

-2.5

97.7

-2

93

-1.5

84

-1

69

-0.5

50

0

31

0.5

16

1

7

1.5

2.3

2

0.6

2.5

0.1

3

The following procedures can be used for determination of S-N curve:
a) The most reliable method of determination of S-N curve parameters is based on statistical
evaluation of a sufficiently large set of laboratory fatigue tests of identical test specimens.
The conditions of fatigue test are described in international standards.
b) For some typical joints, S-N curves can be considered according to various design
standards, industry regulations and recommendations. The word "typical" in this case
means (similarity) in the geometry, material and technological design.
c)

The S-N curve can also be derived using open access publications, catalogs and test
reports summarizing the results of fatigue tests of typical structural nodes or components.

d) The S-N curve of the construction node can also be derived from known fatigue
properties of the material. It is most often the derivation of the fatigue limit and slope of
S-N curve of the critical cross-section of the real component from the known material
fatigue curve or even from the static strength characteristics of the material (tensile test
diagram). It should be noted that all of the approaches described above are more accurate
than this one.
e)
-376-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

S-N CURVE: CASE STUDY
The S-N curve of the examined node was obtained by a combination of the above approaches.
We have identified it for two variants of the bodywork profiles: made of low carbon steel
S235JR and also for stainless steel version X2CrNi12.
In order to determine the fatigue strength of the evaluated structural detail, laboratory fatigue
testing was carried out. Test pieces were made from thin-walled welded closed sections which
had 70×50 mm cross-section and 2 mm wall thickness and were made of S235JR.
The critical cross-section of the joint was subjected to reverse bending load (the cycle stress
ratio was R = -1). During testing, the stresses acting on the critical cross-section were
measured by strain gauges attached approximately 5 mm from the toe of the fillet weld. The
measured values by strain gauges T6 can therefore be referred to as the equivalent structural
stress. The limit state was defined by the instant at which a macroscopic fatigue crack forms
(1 to 2 mm). In all cases, fatigue cracks initiated in the transition zone of the fillet weld.
Figure 3 shows a photograph of the test stand. Table 2 summarises test results.

Fig. 3 - Test stand

Table 2 - Results of laboratory fatigue tests
Number
of test specimen
1

Testing
stress amplitude σa
(Mpa)
140

Nº of cycles to limit
fatigue stage
Nf
50 000

2

120

140 000

3

110

170 000

4

100

500 000

5

80

1 250 000

6

70

900 000

7

60

2 000 000

runouts

8

50

2 000 000

runouts
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Statistical evaluation of the fatigue test data yielded the parameters of the S-N curve for the
structural detail made from S235JR in the form (1):
log    14.54  0.19 ∙  $ 4.53 ∙ log  ; σc  60 MPa.
For the stainless steel version, fatigue test results were not available. In the material database
(WIAM METALLINFO, 2018) basic material characteristics were found for both materials.
We considered the geometric and technological consensus of both designs, and we only took
into account the effect of higher fatigue of X2CrNi12 material (σc = 180 MPa) compared to
S235JR (σc = 160 MPa). In the ratio of both values 180/160 = 1.125, we moved the mean S-N
curve of the construction node made of X2CrNi12 toward higher fatigue strength and fatigue
life. All other parameters (inclined branch slope, break point, and standard deviation of log
Nf) have been retained. The estimated parameters of the S-N curve for the structural detail
made from X2CrNi12 in the form (1) are:
log    14.78  0.19 ∙  $ 4.53 ∙ log  ; σc = 67.5 MPa.
The results of laboratory fatigue tests and both mean S-N curves are shown in Figure 4.

Fig. 4 - Results of laboratory fatigue tests and mean S-N curves

STRESS SPECTRA: THEORETICAL BACKGROUND
If accurate data from a measurement is not available, the stress spectra should be estimated.
The design stress spectra for this parametric study was generated using the relative
coordinates σai /σamax (Ruzicka et al, 1987).
h/  H121 ∙
σamax
Hmax
Htot
s
hi

;

6<
4567 3;6567 :
34 :
898

=

- maximum stress amplitude in the spectrum,
- number of cycles with σamax amplitude in the spectrum,
- total number of cycles in the spectrum,
- shape parameter of the spectrum,
- cumulative frequency of cycles with an amplitude of σai.
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At a constant width of the classification interval dσa, one can derive the discrete stress
spectrum σ/ - ni:
- absolute class frequency is calculated: ni = hi - hi+1,
- this frequency is assigned to the mid-point of the class (or, safely, to its upper limit) σ/ .
With this interpretation of various oscillation processes, the cumulative frequency distribution
of cycles hi is plotted in semi-log graphs using various shape parameters s (Figure 5):
s =∞
s =1
s =2

Rectangular distribution for a constant-amplitude harmonic process,
Normal distribution for a steady-state random Gaussian process with a standard
deviation of σRMS,
Linear distribution for a process consisting of a number of steady-state random
Gaussian sub-processes with various values of σRMS.

Fig. 5 - Characteristic shapes of one-parameter design stress spectra

Measurements of service loads in road vehicles were interpreted several times in literature
(Neugebauer, 1989) with the following observations: long-term monitoring of rides on an
irregular road surface yields linear-distribution stress spectra (s = 1) and manoeuvres (curve
riding, braking, etc.) lead to stress spectra with normal distributions (s = 2).
An estimate of the total number of cycles Htot in the design stress spectrum can be obtained
from the equation:
B
H121  C ∙ 3600 ∙ f
(3)
D

Ld - design life of the body (mileage in km),
v - average speed (kph),
f - dominant frequency of vibration (Hz).
The frequency Hmax of maximum service stress amplitudes σamax during the design life of the
body Ld depends on operating conditions of the vehicle given by the user.
For the parametric studies, operating condition indicators P and L1, were established to
indirectly express the severity of the conditions:
P

4567
4898

BC

LF  4

and

567

(4)

P - probability of occurrence of the maximum service stress amplitude σamax,
L1 - travelled distance (in kilometres), in which the maximum service stress amplitude σamax
occurs once.
Between both indicators the following relationship is valid:
P

BC

BG ∙ 4898
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If there is a sufficiently representative record of the stress time history, it is more accurate to
evaluate the stress spectra from these data. The random processes are converted with the "rain
flow" method into one-parameter or two-parameter histograms of stress cycles depending on
the magnitude of their amplitudes and mean values.
STRESS SPECTRA: CASE STUDY
Therefore, the design stress spectrum parameters (s, Htot, Smax and Hmax) for designing and
sizing the beam joints of the body were selected on the basis of the following considerations.
The major cause of the service loads that act on the structural detail is the vibration of the
body due to the vehicle’s ride on irregular road surfaces of various qualities. For this reason,
the shape parameter of the design stress spectrum was chosen as s = 1.
The design life of the body was set as Ld = 1 000 000 km. The dominant vibration frequency
was assumed to be f = 10 Hz. The average travel speed was set as v = 50 kph. After
substituting the values into equation (3), the estimation of total number of cycles in the
specified body life was found as Htot = 7.2·108 cycles.
Maximum stress amplitudes σamax were estimated by strain gauge measurements on model
testing track. The model testing track was made from artificial obstacles in a form of cylinder
segment having the basis of 500 mm and height of 60 mm. The artificial obstacles were laid
on an even asphalt road in such composition, that overruns of them occurred gradually by
right-hand wheels, by both wheels simultaneously and by left-hand wheels with distance of 15
m. Two loading states were measured (run with empty vehicle and run with fully loaded
vehicle) and results of the measurements are collected in Table 3.
Table 3 - Measurement on model testing track
Maximum stress amplitudes σamax (MPa) measured on model testing track
Empty vehicle

Loaded vehicle

Strain
gauge

Both

Left

Right

Both

Left

Right

T6

84

75

45

108

73

44

As safe values for generation of design stress spectra were finally used the following values:
σamax = 85 MPa for empty vehicle and σamax = 110 MPa for fully-loaded vehicle.
Travelled distance L1, in which the maximum stress amplitude σamax occurs once, was chosen
in three alternative variants, L1 = 10, 100 and 1000 km, it means with three different values
Hmax = 105, 104 and 103 cycles. The parameters of all alternative design stress spectra are
summarised in Table 4.
Table 4 - Parameters of alternative design stress spectra
Parameters of design stress spectra
Design stress spectra - Empty vehicle

Design stress spectra - Loaded vehicle

DSS_10_E

DSS_100_E

DSS_1000_E

DSS_10_L

DSS_100_L

DSS_1000_L

σamax

85

85

85

110

110

110

Hmax

1,0E+06

1,0E+05

1,0E+04

1,0E+06

1,0E+05

1,0E+04

Htot

7,2E+08

s

1
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These alternative design stress spectra were representations of the potential service at various
operating condition indicators P and L1. In this particular case, the relationship between the
operating condition indicators is as follows:
P

BC

BG ∙ 4898



F.HIIJ∙FKL
BG

(6)

FATIGUE LIFE CALCULATION: THEORETICAL BACKGROUND
The mostly the fatigue damage D is calculated using the linear cumulative damage rule.
According to this rule, the limit state with respect to fatigue is reached (i.e. the fatigue life of
the structural part is exhausted) when the following condition is met:
O

D  ∑/ P<  DQ/R
<

D
ni
Ni
DQ/R

(7)

- fatigue damage caused by the stress spectrum imposed,
- number of cycles applied at the i-th level of stress with the amplitude σai,
- limit life under identical loading (the number of cycles derived from the S-N curve
for the part in question at the amplitude σai),
- limit value of fatigue damage.

Various rules apply various boundary conditions to fatigue damage calculation. A schematic
representation of these boundary conditions is shown in Figure 6.
Account is taken of the damage caused by cycles with small amplitudes σath < σai < σc),
which occur very frequently. A threshold value σath is applied to the conversion of stress to
damage, and therefore the damage caused by cycles with amplitudes of σai < σath < σc is
neglected.
A limit value is set for the fatigue damage. According to Miner, DQ/R  1, but it has been
shown experimentally that this value may decline towards hazardous levels DQ/R T 1.

Fig. 6 - Boundary conditions for calculating cumulative fatigue damage
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FATIGUE LIFE CALCULATION: CASE STUDY
In the present case, the Haibach-modified version of the Palmgren-Miner rule was chosen for
calculating fatigue damage. The limit number of cycles Ni was determined as follows:
N/  NV ∙ 3

- for σai ≥ σc:

WX Y

:

W6<

- for σc > σai ≥ σath:

(8)

N/  NV ∙ 3

WX Y\

W6<

:

(9)

Haibach recommends the exponent for the lower part of the S-N curve to be set as wd = 2w-1.
In this study, the value chosen was wd = 8. The threshold stress amplitude for taking the
resulting fatigue damage into account was given as σath = 0.5σc in the present case. In order to
safely provide for calculation inaccuracy associated with the use of the cumulative fatigue
damage rule, the limit value of fatigue damage was taken as DQ/R  0.5. The computational
estimate of fatigue life (in km run) is then obtained from equation:
]

L]

^<5

. Lm

(10)

Predicted service life are collected in Table 5. The parametric calculations showed that
profiles from X2CrNi12 are more suitable for construction of bodywork.
Table 5 - Calculated service life for design stress spectra
Calculated service fatigue life (km)
Material

Design stress spectra - Empty vehicle

Design stress spectra - Loaded vehicle

DSS_10_E

DSS_100_E

DSS_1000_E

DSS_10_L

DSS_100_L

DSS_1000_L

SG235JR

252 000

909 000

3 010 000

60 000

192 000

562 000

X2CrNi12

543 000

2 106 000

7 522 000

118 000

399 000

1 248 000

CONCLUSIONS: PROBABILISTIC INTERPRETATION OF SOME RESULTS
The real service stresses are measured by means of strain gauges. In this case, the service
stress- time histories were measured for a municipal public transport vehicle riding on an
irregular surface along a route whose total length was Lm ≈ 40 km. The signals were analysed
in the frequency domain, and insignificant high frequencies were eliminated. Finally, they
were analysed using the rainflow technique in order to calculate fatigue damage and predict
the fatigue service life of the structural detail. As part of this rainflow step, small cycles with
amplitudes below 2 MPa were filtered out.
In high-cycle fatigue of welded structures, the mean stress of the cycle does not play a major
role. Therefore, only the one-parameter stress spectra σai-ni were used for subsequent
calculations.
Figure 7 shows procedure of extrapolation of measured stress-time histories into so called
measured stress spectra.
The measured stress spectra were considered sufficiently representative for the assessment of
operational reliability (service fatigue life). When considering the scatter of fatigue properties
of the evaluated structural node, it was possible to calculate fatigue life distribution function
(FLDF, see Figure 1) for both materials considered (low carbon steel S235JR and stainless
steel X2CrNi12) and for both load cases (empty and fully loaded vehicle).
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Fig. 7 - Procedure of extrapolation of measured stress spectrafrom the measured stress-time
histories (empty vehicle)

The parts of calculated fatigue life distribution functions are shown in Figure 8. It can be seen
that when S235JR steel is used, there is still a considerable risk (probability) of service
failures. The use of X2CrNi12 steel, on the other hand, already guarantees the required
service reliability (required service fatigue life).

Fig. 8 - Fatigue life distribution functions
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ABSTRACT
Influence of design of extrusion blow molding (EBM) in terms of extrusion direction set-up
and draw ratio as well as process conditions (mold temperature) on storage modulus of high
density polyethylene EBM containers was analyzed with dynamic mechanical analysis. All
three parameters - mold temperature, flow direction and draw ratio - are statistically
significant and lead to relative and absolute evaluation of storage modulus. Furthermore, flow
induced changes in crystallinity was analyzed by differential scanning calorimetry. Obtained
data on deformation properties can be employed for more sophisticated finite element
simulations with the aim to reach more sustainable extrusion blow molding production.
Keywords: extrusion blow molding, flow direction, mold temperature, draw ratio,
DMA, DSC.
INTRODUCTION
Although, extrusion blow molding (EBM) is successfully performed for more than 50 years,
still very less is known about the process-structure-property relationship for this kind of
processing. Mechanical properties of EBM parts strongly depend on its processing parameters
such as extrusion temperature, mold temperature and draw ratio.
Choi et al. (1989) studied the development of orientation during blow molding of PE bottles
and found out that the level of orientation was relatively low with a tendency towards
biaxiality. They also concluded that the molecular orientation increased with increasing
inflation pressure and decreasing extrusion temperature. Furthermore, the crystallization
during processing indicated an increase of molecular orientation and an increase towards
biaxiality due to the oriented crystal nucleation and growth.
Grommes (2016) focused on the effect of different processing parameters on the Young’s
modulus in order to prove the anisotropic property of extrusion blow molded HDPE
containers and to provide a process-dependent Young’s modulus for modelling purposes.
They found a significant improvement of the simulation reliability. Still, further investigation
is needed. As the processing-structure-properties relationship for extrusion blow molding is
better understood, this information can be implemented in finite element analysis (FEA) to
improve the actual product and make the process more sustainable.
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RESULTS AND CONCLUSIONS
The effects of the machine direction, the mold temperature and the draw ratio on the storage
modulus in extrusion blow molding were investigated, Figure 1. There are significant
evidences (p-value T `) for the effect of the machine direction on the storage modulus up to a
test temperature of 40 °C. The effect of the mold temperature (5 °C and 50 °C) is significant
over the total range of the test temperature and the effect of draw ratio (2.0 and 3.4) is found
to be significant over a test temperature range of -40 °C to 10 °C and 60 °C to 90 °C.
Additionally, the influence of the mold temperature on the crystallinity was found to be
statistically significant.
The effects of the investigated parameters can now be implemented by using a process
dependent material data card in a finite element analysis to achieve more realistic simulation
results. By means of these improved simulations, a specific material description for more
efficient and economical HDPE containers becomes feasible.

Fig. 1 - Statistical p-values of the process parameters interconnected over the entire test temperature.
The dashed horizontal line represents the significance level limit.
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ABSTRACT
This work presents the results of an analysis of the main expected potential problems that may
occur in the implementation of the INDUSTRY - 4.0 reform. It is proved that the pace and
level of development of this reform will largely be determined by the effectiveness of the
used mechatronic systems.
It has also been established that as a result of systematic miniaturization of the nodes of radioelectronic equipment and microelectronic equipment and microelectronic technology, the
main problem of these reforms and the implementation of complex technological processes is
instrumental support, especially cutting micro-tools. Therefore, the examples of these microtools show methods for improving their performance characteristics.
Keywords: "industry - 4.0", mechatronic systems, micro tools for electro technical industry,
optimization of geometric parameters of drills.
INTRODUCTION
To date, almost every scientist in any country knows and is unequivocally recognized that at
the beginning of the XXI century the whole world is at the turn of the fourth scientific and
technological revolution, which fundamentally should change the style and level of thinking,
the rules of life for every person and especially the young generation in all countries of the
world. This is due to the fact that according to many scholars and authors of large-profiled
studies on the state of the necessary conditions for a worthy meeting of major reforms
impending change is evaluated as the most comprehensive and ambitious in the history of
mankind. It will be held under the abbreviated name "Industry - 4".
During the first industrial revolution, which lasted for more than two centuries for the
mechanization of certain operations of industry water and steam were used. As a result of the
second revolution based on electricity were created mass production of many products in
different areas of the economy. During the third revolution using electronic and information
technology production processes have become automated. Now, based on the results of the
third revolution is developing the fourth revolution, which is based on digital technologies,
the development of which was started in the second half of the last century. It involves a
merger of several modern technologies and the disappearance of all boundaries between
physical, digital and biological spheres, is the creation of a cyber - physical systems.
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In other words, the final goal of the "Industry 4.0" reform is full automation and remote
control of complex technological processes and administrative and financial operations by
using super modern mechatronic systems.
Results of the first three revolutions were general and applicable to all countries, for each
enterprise and, in practice, for each person. However, the process of the fourth degree of the
revolution and the consistent use of the results of its separate stages in practice will have a
peculiar character for various industries. Of course, the basic principles are common, but
since each individual branch has its own special modern multicenter and multivariable
technology to their design and management will need special knowledge and individual
approach.
To create the above-mentioned mechatronic systems, that determine the level and pace of the
development of the "Industry 4.0" reform it Requires high-precision technological equipment
and special micro-tools for different purposes.
We still in the 90s of the last century made a classification of all the basic micro-tools used in
microelectronics and microelectronic technology, which are divided into three main groups:
Cutting, mounting and assembly. Each group includes subgroups with different tool sizes and
specific areas of their use [5, 6, 7].
For a significant increase in the reliability of microcircuits and, accordingly, the final product,
one more group of micro-tools must be marked - control tools - devices that enable us to
check before boarding on the PCB. We can check all the operational characteristics of the
microchip that is already installed on electrical, mechanical and thermal changes. We have
designed, manufactured, tested and patented several options for such devices for different
sizes of microcircuits and their housings. Even the technological equipment-stamps and molds
for their production have been created.
After testing and selection of microcircuits for such methods, it is possible to exclude early
premature failures of complex microcircuits and expensive equipment and devices during
operation, which provides a great economic effect. The design and operation of the abovementioned micro-tools will be similarly reported in the presentation.
All these tools are used quite a lot, since a significant part of modern technology, from
everyday to space equipment, are a set of mechanical nodes, hydro and pneumatic equipment
and microelectronic blocks or entire control systems, that is, a complex mechatronic system.
For their manufacture requires the implementation of many technological operations of
different profiles.
However, it should be noted that among them, especially in large numbers, cutting microinstruments are used, especially spiral drills. This is due to the fact that in the process of
producing nodes of mechatronic systems, It is often necessary to treat holes of small
diameters (about 1 mm or less),especially on parts of hydro and pneumatic equipment. As for
the production of microelectronic nodes, in the technological processes for the production of
basic parts - printed circuit boards, a significant part of the work comes at the drilling
operations of a huge number of holes of small diameter.
To obtain holes in printed circuit boards, different methods are used, but practice has shown
that the most acceptable method, especially when processing multilayered PCBs with
subsequent metallization of the holes surfaces, is drilling to this day.
Carry out drilling of micro carbide drill geometry, which has multiple experiments an
experiences relevant production. In particular: the optimum cutting angle and spiral angle
grooves respectively is 300, and the rear angle 180. They are refaced through each hole and
1000 are designed for 3-4 regrinding costs. Production of printed circuit boards is mass
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production, where performance is carried out with the aim of increasing the drilling package,
composed of several plates, it has a place of deep-hole drilling, where the drill depth exceeds
the diameter of 8-10 times.
Downtimes of expensive technological equipment, especially in mass production are
associated with significant economic losses. In the production of printed circuit boards easy
connected not only with the replacement of the tool with the aim of reshaping, but
unexpected, caused by fragile destruction even before the first reshaping. Probability of brittle
fracture grows significantly during deep drilling package of printed circuit boards when this
zone is located in the near destruction of the end of the spiral grooves.
Providing the best mass production processes for manufacture of printed circuit boards, at
least a slight increase in resistance, including fragile resistance micro drills and consequently
increasing productivity processes, can provide significant economic benefits.
THE MAIN PART
Research work with a view to enhancing the resistance of tungsten carbide micro drills and
deep hole drilling process performance package of printed circuit boards were held in the
laboratory precision micro instrumental Department “Industrial Technologies Engineering
Mechanics”, Georgian Technical University in close cooperation with specialists of the
Institute of Manufacturing Technology and Quality Management (IFQ) Magdeburg
University Otto-von-Guericke (Germany).
Studies were initiated the study of the nature of the change of power indicators-torque and
axial reinforcement depending on the depth of cutting and drilling printed circuit board
package from fiberglass.
To measure the axial effort was the appliance is made on the basis of known methods and
existing analogs, measuring element, which is the system of strain gauges mounted on the
elastic casing. (Figure 1).
As for measurement of a torque, in our case the existing indirect method at which
measurement is carried out by means of measurement of power of process of cutting is
unsuitable as we deal with very low indicators. That is why it is necessary to use this method,
which will make it possible to measure directly the torque with high precision. To this end,
we have designed and manufactured a special device, (Figure 2) in which table for drilling is
equipped with rotating lever mechanism. As the measuring element, elastic element applies
here too with the system of load cells, only the higher strain measure (Sensitivity 0.1 gram).

Fig. 1 - Instrument for measuring axial efforts.

Fig. 2 - The device for measurement of torque.
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Experiments were conducted with drills from solid alloy VK60M diameter φ 0,9mm long
spiral groove l=10mm. Rake angle and spiral angle grooves respectively ω=300, rear angle
was 180.
Drilling was carried out a package of printed circuit boards of fiberglass thickness 1.6mm
composed of 5 plates with a total thickness of 8mm (see Figure 3).
Drilling of blanks is carried out on different modes of cutting depth up to 7 mm and 1 mm the
depth of the recorded testimony every depth controlled readings. Experimental results are
shown in Figures 4 and 5.
From this results, clearly shows that the load power with increasing depth progressively
increasing. If the axial thrust is growing, approximately 1.5 times the amount of torque is
increased 3-4 times.
1
2

0
1
2
3
8

3

4
5
6
7

Fig. 3 - Package diagram printed circuit boards of 5 plates.
1-copper foil, 2-fiber, 3-double layer of copper foil.

Fig. 5 - The chart of axial efforts for standard drill

Fig. 4 - The chart for standard drills

Question, what caused this increase in power? Cutting conditions at the cutting edge of drills
with increasing depth does not change. The only reason for this could be the increased contact
area abrasive chips with the surface of the hole and emerged from it frictional forces.
You need to note that the sharp fall in axial efforts on areas of depth 2-3 and 5-6 (see Figure
5) on these sites due to the lack of the work piece (Figure 3.) the copper layer.
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The main factor increase the likelihood of brittle fracture of the cutting tool of these two
power indicators may not increase the axial effort and more progressive increase in torque
because the strength properties of carbide materials on the compression significantly exceed
indicators of torsion.
Accelerating the process of chips from the cutting zone would contribute to the reduction of
the force of friction and, consequently, improve the reliability of the drilling process. The
problem of removal of chips when drilling deep hole in different cases decide in different
ways. For example, when drilling drills dimensions solid this exercise method of leaching
using a coolant, which is supplied, into the hole through, done in the body of the drill. In other
cases, when the drill bit sizes do not give possibility of coolant above method to remove
shavings used drilling method intermittent, where after a certain depth drilling is carried out
periodically by the disqualification of drills from holes fast running.
The application of these techniques in our case nepriemlim. In the first case we have with
micro drills. The use of coolant in the manufacture of printed circuit boards is not allowed.
Design and method of intermittent drilling, because it led to the strong performance, when
processing deep eyelet micro drills accelerating factor could be an increase in chip removal
step spiral grooves, i.e. reducing the angle, but it would have led to a deterioration of the
cutting conditions, so-as will decrease the cutting angle drills.
In the design of the drills carried out in a way that at the top of the save the desired cutting
angle, and toward the end of the spiral grooves reduce its angle, IE a spiral groove cut into a
vary-angle [1, 3, 4] and gradually increase its step, it would accelerate the process of chip and
facilitate conditions for drilling.
Figure 6 shows the scheme of drills with vary-angle spiral grooves where the angle of the
grooves at the top of the drill ω0, and at the end of the working part of ω1. The width of the
grooves in the normal section Bn on all length does not change, but the change in the front
section and at the top is BTo = Bn , and at the end of the working parts BT 1 = B n .
cos ω0

cos ω1

Fig. 6 - Drill scheme with variable angle of inclination of the spiral grooves.
AA is the section of the drill of the plane perpendicular to its axis: I - Useful
area of the drill, II - Groove profile.
B-B - section of the drill in the plane of the perpendicular spiral grooves: III Useful area of the drill, IV - Profile of the drill.
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Changing and useful mechanical drill section. Useful section at the top:
at the end of the working parts: S1 =

πd 2
4

−

So =

πd 2
4

−

2Sn
,
cos ω 0

and

2Sn
, where Sn - square grooves in the normal
cosω1

section, d - is the diameter of the drill.
If you take into account that ω0 > ω1, it turns out that toward the end of the working part of
the useful cross-section drills intensifies. Then there are drills compared to standard must
withstand stress.
Production of such drills associated with certain difficulties. At production of standard drills
with a constant tilt angle of a spiral flute the special adaptation carries out the mutually
agreement two movement - rotations of preparation of a drill and its movement in the axial
direction at a size of a step of a spiral flute. Thus, this interrelation is defined by linear
function. In case of a variable step, this interrelation is defined by difficult tangential function.
Because of it was necessary to modernize the equipment and its mechanism of axial giving of
an element with the Archimedean spiral to replace elements with a tangential spiral, made by
our special calculations [2, 3].
Besides, because of a variable tilt angle of a spiral flute, at you - polishing of these flutes
should change orientation of a grinding wheel relatively to an axis of preparation of a drill
respectively to change of a tilt angle of a flute. It can be carried out in two ways: at a
motionless axis of a grinding spindle to turn a preparation spindle axis round a point of
intersection of these axes at a corner size ω = ω0 −ω1 (see Figure. 7), or motionless to leave
an axis of a spindle of preparation and to turn an axis of a grinding spindle (see Figure 8) [4,
5].

Fig. 8 - Schemes of change of orientation of
axes of a spindle of preparation of a drill and
grinding spindle. Method of turn of a
grinding spindle.

Fig. 7 - Schemes of change of orientation of
axes of a spindle of preparation of a drill and
grinding spindle. Method of turn of an axis of a
spindle of preparation.

Proceeding from constructive reasons the preference was given by us to the first option
(Figure 7) and in the course of modernization of the equipment it was equipped with the
additional mechanism of turn providing when cutting spiral flutes, turn of an axis of
-392-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

preparation of a drill relatively to an axis of a grinding spindle at a corner

ω = ω0 −ω1 thus depending on are long the cutting part of a drill turn is carried out by the
linear law: ω = λ ⋅ К , where ωх - the current size of an angle of rotation of an axis of
size

х

х

ω

preparation, λх - the current coordinate of length of the cutting part of a drill,
change of a tilt angle of a spiral flute per unit length the cutting part of a drill.

К ω - the size of

Schematic diagram of the upgraded device with a lever turning mechanism is shown in Figure
9. It should be noted that with the purpose to achieve higher precision in return lever
mechanism can be used rack and pinion pair.
Device for polishing spiral grooves in the side of the work piece 1 is mounted on the drill
axis of rotation 2, mounted on a grinding machine table - 3D642. In this case, the axis of
rotation adaptation must take place at the point "O" crossing the axis of the drill blanks and
the vertical axis of symmetry of the grinding wheel 3. The other end of the device is based on
a circular guide 4. Rotate lever mechanism is carried out, the reference axis 5 which is fixedly
mounted on the basis of 6 devices. When the axial movement of the upper slide 7 and,
accordingly, drill blanks rigidly associated finger 8, turns right shoulder of the lever 9. The
left lever arm is connected to finger 10 fixedly mounted on the machine table. Thus, the
rotation of the lever causes the whole structure adjustment. Thus, the linkage elements are
designed so that the axial feeding blanks on a drill length value helical cutting tool is rotated
by the movement of the spiral groove inclination angle ∆ ω = ω 0 − ω 1 .
For this calculated distance between the left finger and fixedly pivot device formula:
R = l⋅

Lл
360
⋅
L п 2π ∆ ω

Where: l - the length of the spiral cutting drill, mm;
- left lever arm length;
L п - the right lever arm length;
∆ω - amount of change in the angle of the spiral grooves of the drill
Lл

Fig. 9 - Schematic diagram of the rotation axis of the drill mechanism workpiece relative to the
plane of the grinding wheel at Grinding of helical grooves with a variable tilt angle.
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We have designed constructed prototypes of drills with vary-angle ω = 30 − 17 0 , ω = 35 − 20 0 ,
ω = 40 − 220 and ω = 43 − 230.
All of these included circuit boards same experiments as the standard. Experimental results
for drills ω = 30 − 17 0 and ω = 35 − 200 are shown on Figures 10 - 13.
Analysis of these graphs shows the following: for drills ω = 30 − 17 0 performance of axial
efforts almost indistinguishable from a standard drill bit ω = 30 0 , so, it was expected, because
these same drill front angle and cutting conditions respectively at the cutting edge. With
regard to indicators of torque, they drill ω = 30 − 17 0 depending on the cutting was understated
by 12-16%.

Fig. 10 - The chart of change of a torque for drills

Fig. 11 - The chart of changes of axial efforts for
drills

Fig. 12 - The chart of torque for drills

Fig. 13 - The chart of changes of axial efforts for
drills
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For drills ω = 35 − 20 0 performance of axial efforts relatively understated, as rake angle
increased by 5% and this facilitated the process of cutting, but indicators of torque with
increasing depth drilling grows more intensively and exceed indicators of both previous
designs. It is clear that the understatement of torque to drills ω = 30 − 17 0 compared with
standard drills ω = 30 0 , due to the gradual increase in step spiral grooves and accordingly
reduced contact area formed by chips with processed apertures. Increasing the angle of
inclination and therefore a decrease in pitch of spiral drills ω = 35 − 20 0 again causes the
reverse-torque figures intensively promoted.
When drilling by drills of ω = 40 − 22 0 and ω = 43 − 230 these power indicators are rather
underestimated (see Figures 13-16) that is explained by improvement of conditions of cutting
because of considerable (5-80) increases in a forward corner at the cutting edge. However,
reduction of a corner of a point at further operation causes increase in intensity of wear, and
they without repoint reach only 600-800 openings.

Fig. 14 - The chart of change of a torque for a
drill

Fig. 15 - The chart of change of axial effort for drills

Fig. 17 - The chart of change of axial effort for
drills

Fig. 16 - The chart of change of a torque for
drills
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Obviously, to get a clearer picture further experiment need to keep standard drills ω = 30 0
and drills with vari-angle spiral grooves ω = 30 − 17 0. Experiments were continued until the
breakdown drills. Through each hole 200 checked power indicators, with increasing cutting
edge wear gradually increases. After 1000 holes check carried out through every 100 holes, as
increasing the likelihood of breakage of drill. Throughout a series of experiments for both
types of drills, ω = 30 0 nearly identical indicators remain innovative wear and axial efforts.
As for torque, its value on the standard drills always exceed the value of drills with variable
angle of the spiral grooves ω = 30 − 17 0.
Statistics showed that the breakage of the standard drills ω = 30 0 going from 1200 to 1300
holes and drill with vari-angle ω = 30 − 17 0 from - 1400 to - 1500. Performance torque values
before breakdown indicating the number of drilled holes N traversed the path L and size of
wear on back surface drills f shown in Figures 18 and 19.

Fig. 18 - The chart of torque graph for drills
and
before the breakdown drills

Fig. 19 - The chart of change the torque diagram
for drills
before its breakdown.

RESULTS
To create the above-mentioned mechatronic systems, that determine the level and pace of the
development of the "Industry 4.0" reform it Requires high-precision technological equipment
and special micro-tools for different purposes.
The presented report will show the classification of the micro-tools used for the production of
the main units of modern mechatronic systems, as well as ways of systematically improving
the efficiency of the used individual instrument groups, taking into account the process of
intensive miniaturization of radio electronic equipment and increasing the level of
requirements for their performance characteristics.
CONCLUSIONS
It is established that the rate of development of the INDUSTRY-4.0 reform in a strong degree
depends on the efficiency of the Operational characteristics of the used mechatronic systems.
It is proved that the output characteristics of individual nodes of the used mechatronic systems
can be significantly improved by optimizing the design and geometric parameters and the
manufacturing processes. For example, the hardness of hard-alloy precision spiral drills with a
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working diameter of less than 1 mm and the productivity of drilling of printed circuit boards
can be increased by at least 20-25%.
By optimizing the geometric parameters of carbide micro-drills, it is possible to significantly
improve the chip formation process and their free removal from the cutting zone when drilling
printed circuit boards, which positively affects the quality of the treated surface and
subsequently its metallization.

REFERENCES
[1] A. Ivan, Research regarding optimization of industrial robots for machining applications,
Doctoral Thesis, Universiti “Politehnica” of Bucharest, 2011.
[2] Карпушевски Б., Дюбнер Л., О. Кушнаренко О., Турманидзе Р.С. Erhöhung der
standzeit und prozesssicherheit von mikrobohrern durch die entwicklung neuer
werkzeuggeometrien. Сборник научных трудов «Современные технологии в
машиностроении». Харьковский национ. техн. университет "Харьковский Политехнический Институт", Харьков, Украина. Выпуск 2. 2008 г. стр. 27-32.
[3] R.TurmanidzeV.Bachanadze, G.Popkhadze International saintific journal “Inovations”.
Year V, Issu 3/2017, Sofia, Bulgaria,ISSN Print 1314-8907,ISSN WEB 2534-8469123128.Basic technological processes required to create mechatronic sistems to meet today's
needs and problems of their instrumental support of “Industry 4.0” challenges
[4] Снова перемены. Как выглядит Индустрия 4.0?
available at: http://hinews.ru/business-analitics/industriya-4-0-chto-takoe-chetvertaya-promyshlennaya-revolyu
ciya.html
[5] Турманидзе Р.С., Бокучава Г.В., Новые процессы алмазно-абра¬зи¬в¬¬ной
обработки. Тезисы докладов Первого всесоюзного съезда техно-логов-маш. г.Москва,
13-18 ноября, 1989г. 12 стр.
[6] Турманидзе Р.С., Амиридзе М.Н., Микроинструменты для сборки и монтажа
микросхем и технологи¬ческое обеспечение их изготов¬ления. Тезисы докладов
междунаро-д¬ного семинара "Высокие технологии в машинострое-нии". ХарьковАлушта, 1992г. 3 стр.
[7] Турманидзе Р.С., Некоторые особенности проекти¬рования и изготовления
твердос¬плавных
прецизионных
микро-инструментов.
Труды
Харьковского
технического университе¬та "Резание и инструмент", вып. 50. 1995г. 2 стр.

-397-

Topic-G: Mechanical Design and Prototyping

[8] Карпушевски Б., Дюбнер Л., О. Кушнаренко О., Турманидзе Р.С. Erhöhung der
standzeit und prozesssicherheit von mikrobohrern durch die entwicklung neuer
werkzeuggeometrien. Сборник научных трудов «Современные технологии в
машиностроении». Харьковский национ. техн. университет "Харьковский Политехнический Институт", Харьков, Украина. Выпуск 2. 2008 г. стр. 27-32.
[9] Турманидзе Р.С., Адамия Д.Р., Гвиниашвили З.М. Особенности изготовления и
испытания мелкоразмерных твердосплавных спиральных сверл с переменным углом
наклона стружечных канавок. Сборник трудов XVII международной научнотехнической конференции «Машиностроение и Техносфера XXI века». Донецкий
Национальный Технический Университет. Том 3. 13-18 сентября 2010 г. в.
г.Севастополе. стр. 181-184.

-398-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7189

A NUMERICAL AND EXPERIMENTAL STUDY OF THE ENERGY
ABSORPTION CAPACITY OF AUXETIC STRUCTURES
MANUFACTURED WITH ADDITIVE TECHNOLOGY
Filip Sarbinowski(*), Remigiusz Labudzki, Rafał Talar, Adam Patalas
Institute of Mechanical Technology, Poznan University of Technology, Piotrowo 3, 60-965 Poznan, Poland
(*)
Email: filip.sarbinowski@doctorate.put.poznan.pl

ABSTRACT
The paper investigates the purposefulness of using 3D printed auxetic structures for energy
absorbers. The influence of two different geometrical parameters of the structure was tested:
cell size and cell convergence angle that corresponds to structures Poisson’s ratio. All variants
have been tested numerically, and then manufactured using the SLA method and tested
experimentally.
Keywords: auxetics, dynamics, energy absorption, vision system, additive technologies.
INTRODUCTION
Auxetics are structures shaped in such a way that their structural Poisson ratio takes negative
values. Therefore, they are characterized by many interesting features, among which the high
ability to absorb mechanical energy can be mentioned [Kolken H., 2017]. Due to the
extremely low specific mass of structures of this type, attempts to use them in flying vehicles
seem to be natural while use of rapid prototyping methods, such as stereolithography, they
can also be used in modeling (UAVs) [Alderson A., 2015], where vibrations and impacts are
particularly common during emergency landing. It should be noted that due to the high degree
of complexity of geometry, printed structures of this type are often subject of research,
however, no studies similar to those has been found.
The study was performed on samples of honeycomb re-entrant structures with dimensions of
approximately 40x20x15 mm (the exact dimension is individual for each sample) total
number of cells must fit to different size for each sample made of photoelastic resin, which
properties are indicated below (Table 1).
Table 1 - Uniaxial tension test results [Szykiedans K, 2016], [own research, not published yet]
Young’s Modulus
[MPa]

Poisson’s ratio

Density
[kg/m3]

Yield stress [MPa]

Damping ratio

2460

0,41

1200

25

0,42

Samples with different geometrical parameters has been used: a cell size a equals 3, 5 and 7
mm, and an angle of convergence α from 40 to 90˚ (Figure 1). During the test, a steel indenter
of mass m = 163 g (Figure 2) has been brought to collision with the structure sample at the
relative velocity v = 4 m/s. The energy absorption capacity of the structure was determined
based on a comparison of the mechanical energy of the system before and after the impact.
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Fig. 1 - Structure dimensions

Fig. 2 - Indenter dimensions

STUDIES DISCRIPTION
The influence of each parameter on energy absorption was simulated in the Ansys using the
LS-DYNA solver. A parametric 3D model was imported to the environment representing the
quarter of the tested system: structure and indenter (Figure 3). The model allowed for a
flexible change of the tested parameters in the above-mentioned scope. To so defined
geometry a material properties has been assigned - to the indenter the default properties of
steel, while for the sample - according to Table 1 - new material was defined. The reduction
of the tested system to quadrant was dictated by the limitation of computational resources.
This caused the necessity of defining the appropriate boundary conditions, ensuring the
correct behavior of the system: zero displacements on the cutting planes in the normal
direction. The remaining degrees of freedom of the structure has been taken by blocking
vertical displacements of the lower plane of the structure and fixing one of its points lying in
the plane of the intersection identical with the symmetry plane of the structure. In addition,
frictionless contact between the indenter and the structure was made.

Fig. 3 - Tested system

Fig. 4 - Indenter’s kinetic energy versus time graph for a=0.3mm, α=60˚
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The excitation of the system was obtained by the initial condition in the form of the initial
velocity of the indenter in the vertical direction v = -4 m/s. The model was divided into finite
elements with a minimum element size of 0.05 mm using the Hex Dominant method. The
calculations were carried out for the event time t = 0.1 s. An exemplary energy diagram of the
system is shown in Figure 4. Experimental study was carried out on structures manufactured
by stereolithography with the XYZ Nobel Printing machine [product manual]. The thickness
of the solidified layers for each sample was equal w = 0.1 mm (Figure 5).
The overview diagram of the test stand is shown in Figure 6. A guide sleeve (6.1) is mounted
above the sample (6.2) with a sight window (6.3). The indenter (6.4) placed in the sleeve has
two degrees of freedom - movement along the vertical axis and rotation around it, but the
influence of the rotational energy on the results can be ignored due to the small radial forces
in the system. Under the influence of gravity, the indenter can fall freely and eventually hit
the structure at velocity of 4 m/s. Camera (6.5) connected to a computer (6.6) equipped with
the Pylon application records the collision and bounce of the indenter.

Fig. 5 - Printed structure

Fig. 6 - Test stand scheme

The recording is converted into a sequence of photos in .jpg format, exportable to LabVIEW
Vision Assistant. In this program, the obtained images are processed to make them easier to
segment and, as a result, to extract the indentation from the background. The position of the
indenter is examined on successive frames, which is the basis for determining the function of
indenter speed changes over time. Information about the velocity of the indenter at the
moment of impact and immediately after the bounce is sufficient to determine the energy
absorbed by the structure.
RESULTS AND CONCLUSIONS
As shown on Figure 7. Poisson’s ratio has no direct influence on energy absorption ability of
printed re - entrant honeycomb structure. Energy absorption is rather a result of plastic strain,
not of energy dissipation. Due to relatively high material stiffness the structure could not
perform enough elastic work and so dissipate the energy.
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The results of the study of the influence of cell size (Figure 8) confirm the earlier thesis. The
smaller cells are more rigid, so kinematic exclusion caused by the hammer causes greater
plastic deformation and thus greater energy absorption.

Absorbed energy [%]

FEM
100,0
80,0
60,0
40,0
20,0
0,0
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81,6
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44,2
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34,0
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Fig. 7 - Influence of the coverage angle on energy absorption
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Fig. 8 - Influence of the cell size on energy absorption

The results obtained by both methods have similar characteristics but has significantly
different values - results obtained by experimental method are greater by 130% to 250% from
the values obtained by FEM. The reasons for this should be found in the fact that - for
practical reasons - in the numerical simulation not all phenomena affecting the final result
were taken into considered. Among them can be mentioned rotation of the indenter after
impact or crumbling of the structure.
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ABSTRACT
The reduction of emissions is a priority for the automotive industry, and for this matter it has
focused its attention on 2 alternatives: the reduction of the total weight of the vehicle and the
use of electric propulsion systems. For both solutions, a lighter chassis than what is currently
produced is required. This paper presents the process to transform a class 8 commercial truck
chassis, steel-based material for an aluminium-based one with same performance, achieving a
weight reduction of 10%.
Keywords: chassis, design, aluminium, weight reduction.
INTRODUCTION
The chassis is the most important structural component of a vehicle, since it allows to support
the effect of static and dynamic loads, which are natural within its normal operation process,
such as: the reactions of motor and shaft movements, it receives the reaction forces of the
wheels in acceleration and braking, and absorbs the aerodynamic forces of the wind and the
impacts of the road through the suspension (Heissing and Ersoy, 2011).
To develop the design of a chassis it is necessary to define the type of vehicle and the
operating conditions to which it will be subjected. The critical parameters could be
summarized in five categories: dimensional constraints, life time, structural stiffness for
different types of loads, available manufacturing and assembly processes, and failure
mechanisms.
Although the performance and characteristics of the vehicles have changed significantly in the
last 20 years, as a consequence of the developments of electronic technologies, the design of
the chassis has remained practically the same.
BACKGROUND
For over 10 years, the automotive industry has been experiencing a trend towards reducing
emissions, these have been driven by environmental regulations that are increasingly more
restrictive. The efforts were initially focused on technologies for emission control (catalysts)
and engine performance optimization (injection, ECU, ... etc).
However, a point of technological saturation has been reached, where the costs and the level
of complexity have generated a need to look for other alternatives of control and reduction of
emissions. From here, other trends have emerged such as: improvements in aerodynamics,
alternatives for weight reduction or even change in the propulsion system.
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Given the business characteristics of METALSA, and in response to the needs of weight
reduction, it has been working on solutions from several perspectives: new designs, new
manufacturing processes, new materials, among others. So far, the most immediate and
practical way focuses on the replacement of material: aluminium instead of steel.
RESULTS AND CONCLUSIONS
Initially a structure was taken, and its performance was evaluated at static load conditions.
Subsequently, the effect of the material change on its performance was observed, through
virtual tests, with finite element simulations, to identify critical areas. Next, design changes
that improved the performance of the steel chassis were identified and defined. This process
was performed iteratively until a chassis design, aluminum, meets the required performance.
As a result of the previous process, it was possible to formulate a design methodology to
transform a chassis made of steel into another based on aluminum without sacrificing
performance.
A design methodology was developed to transform a class 8 commercial truck chassis
(Cambridge Systematics, Inc., 2017), steel-based material for an aluminium-based one
without sacrificing performance, achieving a weight reduction of 10%.
The methodology was implemented to test its effectiveness with a commercial truck chassis
design currently in production.
REFERENCES
[1] Cambridge Systematics, Inc. (2017). Obtido de Caltrans: http://www.dot.ca.gov/
hq/tpp/offices/ogm/trucks/FHWA_Vehicle-Classes-With-Definitions%20cs.pdf.
[2] Heissing, B., Ersoy, M. E. (2011). Chassis Handbook. Berlin: Springer.
[3] U.S. Department of Energy. (16-August-2016). https://energy.gov. obtained from
https://energy.gov/articles/energy-department-announces-137-million-investment-commerc
ial-and-passenger-vehicle.
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ABSTRACT
When designing ultra energy-efficient vehicles, it is extremely important to ensure the
lightweight vehicle structures. The compromise between the fulfilment of functional and
strength requirements can be achieved by using a spatial shell or frame design. The paper
presents a comparison of these two concepts of the supporting structure of such a vehicle,
analysing the pros and cons of each of them. A method of optimizing the structure of both
load carrying structures was proposed, as well as technical, technological and functional
details related to these concepts were analysed. For the purposes of optimization, the method
of topological optimization was used, modifying the assumptions for each of these concepts
and iteratively adapting to the specific technology of making the vehicle's body. The
numerical simulations were carried out for a previously selected outside vehicle’s surface
optimized for minimizing the aerodynamic resistance forces.
Keywords: energy-efficient vehicle, car body, composite structure, spatial frame, spatial shell,
optimization, Shell Eco-marathon.
INTRODUCTION
In order to determine the optimal supporting structure of the ultralight body and energyefficient vehicle designed at the Silesian University of Technology by Smart Power group
(Skarka, 2015), two optimized solutions of load-bearing structures, often used in such cases,
were compared. Support structures made as composite structures in the form of a spatial
frame made of profiles of predetermined geometric form and a spatial shell structure made in
sandwich technology were compared. To design load-bearing structures, the same
assumptions were adopted including:
1. The same external shape of the vehicle body optimized in terms of reduction of
aerodynamic resistance (Wąsik, 2016).
2. The same structure and completion of significant internal vehicle components ensuring
very low energy consumption while driving a vehicle (Targosz, 2013).
3. The identical methodology of design and optimization of the body structure assuming the
use of the topological optimization method in the first step to determine the optimal form
of the overall supporting structure and, in the second step, adjusting the geometric form to
the limitations of the initially proposed composite fabrication technology. In addition, an
iterative approach in determining the general geometric form of the support structure was
used to obtain more reliable results.
4. Identical functional assumptions for both body versions

-405-

Topic-G: Mechanical Design and Prototyping

Since both versions of the body were to meet the same requirements, the comparison of the
two versions was based on three criteria. These criteria included the final mass of the finished
solution taking into account not only the supporting structure itself, but also all the elements
of the body set, so that it would be possible to compare identical sets of bodies. The second
criterion was the price of body production in the set proposed for the previous criterion. The
third criterion was an adaptation to production in workshop conditions and equipment
available through the design team. The final analysis included various possibilities. The basic
assumption was the production of a bodywork for a prototype unit made for a vehicle
intended for the Shell Eco-marathon (SEM) race. However, additional analyses were made for
the commercial production of a vehicle of a similar form in different sizes of production
series designed using Generative Modelling methods (Jałowiecki, 2016).

Fig. 1 - Energy-efficient vehicle designed by Smart Power group for Shell Eco-marathon

REQUIREMENTS FOR THE SOLUTION
The development of the supporting system was a part of Smart Power' ongoing project of
building a new energy-efficient electric vehicle for Shell Eco-marathon UrbanConcept class
for season 2019. Therefore, the obtained solution must fulfil all of the competition's rules and
regulations. Those can be divided into general build requirements, that covers the topic of all
of the necessary subsystems, with which the supporting systems must work and the body
panels, dimensional constrains, which cover the minimal and maximal dimensions of the
vehicle, as well as the minimal size of side doors and some of the subsystems. Apart from
that, there are safety regulations which concern the driver’s environment, its separation from
the surroundings of the vehicle and the energy compartment inside, as well as the necessary
strength of some of the vehicle’s parts. The last group of SEM requirements concerns the
accessibility of the subsystems from outside for inspection. (SEM, 2018) Apart from those,
performance requirements can be distinguished. In a given case, as the supporting system is
not a part of the drive train, the idea was to minimize the mass of the structure, thus decrease
the resistant forces, with maintaining the sufficient stiffness.
In the analysed problem, before the designing process could proceed, the volumes and
placements of all of the subsystems were identified as shown in Figure 2. Due to the lack of
precise data concerning other systems of the vehicle at this stage of the project, those were
obtained from current team's vehicle. Apart from that, the outer shape, which is shown in
Figure 1, was also based on the one from the previous project, as it was already optimized in
case of aerodynamic properties.
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Fig. 2 - Subsystems volumes and locations

LOADS AND LOAD CASES ANALISIS
The next step in the case of comparison of two solution concepts was to determine a common
loading structure and load cases. In the given example, due to the lack of exact data and the
early stage of the project, the load structure was simplified only to main forces and quasistatic
situations (Brown, 2001). Those load sources can be divided into three groups. The first one
concerns every load introduced by the weight of each subsystem and the driver. Those are
always directed toward the ground and can be treated as the focused force applied to the
mounting points of the subsystem. The second group covers loads concerning the safety of the
vehicle, thus two forces required by the regulations, that is the force applied on the effective
roll-bar, either the roof in the single body structure or upper bars in the frame and the force
applied to the harness mounting points. The last group is related to the performance and
maintenance of the vehicle and contains such loads as torque from the motor shaft, towing
force applied to the nose of the vehicle through the towing hook and forces applied by the
driver while operating the vehicle. As far as supports are concerned, during analysis, it was
assumed that they are located in the mounting points of the suspension system, or in the four
lifting points placed at the bottom part of the vehicle.
The load case analysis was based on most common situations that may occur during the
competition and maintenance of the vehicle. That led to distinguishing a total number of eight
load cases. A general situation, which presented the worst case scenario during the
performance of the vehicle, consisted of all of the weight and safety loads as well as most of
the performance ones, apart from the towing force, with support in suspension system nodes.
In a roll-over case, only masses of the subsystem and the driver were taken into consideration,
and the whole vehicle rested on its roof. Each of three towing cases consisted only of weight
loads, with the addition of braking pedal operating and the towing force, which was directed
differently in each of them. The supports were located on all suspension nodes. The last group
consisted of two torsional load cases. In those cases, all of the weight forces were present,
with the addition of masses of one front wheel with suspension and one rear wheel with
suspension and a half of a motor and its supporting frame, as well as torque from the motor
shaft and the force related to the braking pedal operating. In those two cases, the supports
were placed in two suspension nodes, located diagonally. Finally, the last analysed situation, a
lifting case, took into consideration only the masses of the subsystems and the driver, with
supports placed in four lifting points.
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METHODOLOGY OF DESIGN PROCESS
Even though both solutions were meant to fulfil the same requirements, the design
methodologies were different in each case. Nevertheless, they had something in common. As
the outer shape was given and without any possibilities to be adjusted, the obtained solutions
had to comply with it. Additionally, in both cases, the loads were multiplied by 1.5 and the
available stresses in the structure were divided by 1.4, which is the standard procedure used in
the team. To obtain comparable results, in both cases the same materials for main supporting
elements were used. That is carbon fiber fabric epoxy resin composite (Performance, 2018)
and PVC cellular foam for the core (Oroszlány, 2015) in a sandwich structure.
The first step of methodology process, which was common for both structures, was to
determine the basic shape of the structure based on the outer shape and mounting points for
each subsystem. As the approach was different both case, the results differed. After that, the
further development process for each solution was conducted. The schemes of those processes
are shown in Figure 3.

Fig. 3 - Diagrams of the spatial shell (left) and the frame (right) solutions

Spatial shell
In case of unibody monocoque structure, several possible solutions, including the full
monocoque and monocoque-frame hybrid structures, were taken into consideration, but
finally, the one which concerned only the monocoque was chosen. The further design process
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was mostly based on the topology optimization used as the first phase. As the outer shape
could not be changed, other optimization methods, like shape optimization, could not be used.
After modeling the basic structure in CATIA V5, the CAD model was imported into
HyperWorks, where meshing was conducted and loads together with load cases were applied.
At this stage, the shell structure of one layer of composite material with a thickness of 4,5 mm
was used. That allowed to conduct time efficient topology optimization, which took into
consideration all of the load cases, apart from the roll-over one, and displacement restrictions.
The optimization results allowed to divide the structure into structural and shaping elements,
which were thinner. Thanks to the finite element method analysis for divided structure, the
parts of the structure, that required additional reinforcements, were identified. At this stage,
two types of reinforcement were considered: based only on plate elements and based on both
beam and plate elements. With choosing the first one, the reinforcement was created and
added to the FEM model. Obtained results acted as an input for further optimization of the
structure, which aim was to minimize the overall mass of the structure. It was done by
optimizing the total thickness of the composite laminated structure, as well as of each ply. At
this point, for supporting elements the sandwich structure, with two layer carbon-epoxy
composite skins and PVC foam core, was applied and for shaping elements and internal
reinforcements, a four-layer carbon-epoxy laminate was used. Similarly, to the topology
optimization, the same load cases were taken into consideration, as well as the displacement
restrictions. This process led to the significant mass reduction, and its results acted as an input
for another laminate thickness optimization, where the manufacturability of each ply was
considered. The last step of the optimization process was the composite shuffling, where the
sequence leading to get the best possible performance was chosen. Even though the
supporting structure was optimized, there was a necessity for another step in the design
process. As the thin carbon laminated shells do not act effectively under concentrated load,
the additional layer of 10 mm thick plywood was added. Based on the previous experience,
for each 10 N of the concentrated force, 10 cm2 of plywood was applied. Results are shown in
Figure 4.

Fig. 4 - Results of the unibody design. Red areas represent only carbon fibre laminate, while blue
represent sandwich structure.

Spatial frame
In the second approach, spatial frame chassis was designed. Its form was also based on
topology optimization, taking into consideration the current shape of the fuselage and
subsystem’s placements. The process began with defining working space for the optimization.
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In order to decrease the amount of time needed for the topology, apart from subsystem’s
volumes, places which were acknowledged as not important for the structure, were subtracted
from the working space. According to load cases, topology optimization was conducted using
SolidThinking Inspire with an objective of maximizing the stiffness. Results were then
analyzed and based on them, points which represent joints were created and joined using
lines, which represent tubular profiles. The structure was analysed using FEM in
HyperWorks. To increase the stiffness of the load bearing structure and to provide mounting
points, sandwich structures were included. Results of this process are shown in Figure 5.
Following that, a representational joint for the purpose of connections optimization was
selected. The chosen connection joins two crossed profiles behind the driver, to which safety
belts were mounted. It was a very important connection responsible for the safety of the
driver, as it was also a part of a roll-cage. Joint topology optimization was conducted using
HyperWorks with an objective of maximizing the stiffness.

Fig. 5 - Results of the spatial frame design. Blue tubes are thicker than yellow ones. Sandwich
structures differ depending on colour with structure and therefore stiffness. Black is the most
rigid, while red are the least rigid.

In order to evaluate and compare these solutions, it was important to estimate its mass. To do
that, the weight of all joints, fuselage, as well as connections between chassis and the fuselage
were required.
Estimation of the mass of the joints was conducted by calculating a number of these
connections, multiplying it by the difference of weight between monocoque design and
solution designed for the purpose of this structure and then, as joint’s shape vary and in order
to include production uncertainties, that value was multiplied 1.5 times.
The fuselage, as it only has to bear aerodynamic forces which, due to vehicle purpose and
characteristic of the event in which it takes part, are very low, was assumed to be made out of
1.5 mm thick carbon fiber composite. Its mass was calculated by multiplying the area of the
fuselage by its thickness and then by its material density.
The outer layer of the vehicle was decided to be split into three parts- front, middle and back
ones, to allow removing only the part required to conduct desired maintenance actions.
Connections between fuselage and chassis were realized by snap fastening pipe clamps
snapped on the chassis. Each of those clamps has three tubes, bonded to it using adhesive.
These tubes were fixed to plastic plates of special shapes, to fit tightly to the fuselage, up to
which were joined using adhesive. Such plastic plates helped to distribute stresses, not to
destroy the fuselage during mounting on the chassis by concentrated forces.
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METHODOLOGY OF COMPARISION PROCESS
These two concepts were compared based on both qualitative and quantitative criteria.
Qualitative ones were ease of manufacturing and its cost, as resources of the team are limited.
Cost of the concepts, as it could not be calculated, was considered only qualitatively based on
required moulds, their complexity, commercially available ready products and semi-finished
products used in the designs. Ease of manufacturing covered the possibility of creating the
structure by the team using available tools.
Quantitative criteria of design comparison were based on concepts mass, including the body
in case of spatial frame. As the qualitative criteria were more focused on the availability of the
designs, they did not affect vehicle performance in the opposite to the last one.
RESULTS
The basic objective of the comparative research is to choose the optimal body structure for the
ongoing project of building an energy-efficient UrbanConcept energy class for Shell Ecomarathon (SEM, 2018), which will be built for racing in 2019. In addition, it was decided to
verify the applicability of the methodology for an energy-efficient electric vehicle built as a
commercial vehicle produced in series.
Weight comparison
The most important factor which differs these two solutions and influences competitive wise
is mass. In case of the unibody construction, the total structural mass reached 42.57 kg, where
most of it, that is 30.16 kg, was provided by the shell structure itself, and the rest were 7.33 kg
of ribs and formers laminated inside and 5.08 kg of plywood reinforcement. Whereas the
designed spatial frame reached the total mass of 42.74 kg, slightly more than the first solution.
In that case, the mass structure consisted mostly of 22.24 kg of the vehicle's fuselage and 18.5
kg of the inner frame, with the additional 2 kg weight of connectors between those two
elements. In both cases, the mass structure indicates which parts of the vehicle should be
further optimized and analysed to decrease the weight even more. The comparison of the
mass structures is shown in Figure 6.
Structural mass comparision, kg
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Fig. 6 - Comparison of mass structures of both solutions

Qualitative comparison
The second important issue that was analyzed in this paper was a manufacturability of the
concept and its estimated cost.
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Spatial shell
As it was mentioned before, the single body structure could be divided into 3 main parts:
outer spatial shell, inside laminate reinforcements and inside plywood reinforcement, each of
which had to be manufactured separately and with using different methods and techniques. In
case of the plywood parts, as the material can be easily bought in ready-to-use state and the
only required operation was a machining to obtain the desired shape. As those elements were
applied only in locations of focused forces, they were mainly flat, which additionally reduced
required time and the cost. Generally, those elements were the cheapest and easiest to
manufacture. Another type of reinforcement, the laminated ones, collected both small ribs and
large bulkheads and formers, that strengthened the shell structure. In that case, the cost and
time needed to produce them fairly exceeded those related to the plywood, as the input
material, that is laminate prepregs, was much more expensive. Even though the prepregs were
cut automatically to the desired shape, the assembling of each part had to be done by hand and
the curing of the resin required both advanced equipment and a long time. The last part of the
structure, that is the spatial shell itself, was both the heaviest and the most difficult to
produce. Although each ply could be cut using automatic machines, the assembly process had
to be done manually, which additionally required an expensive-to-made negative form, and
big equipment to conduct the curing process. Apart from that, as it was a closed shape
element, there was a necessity to manufacture the outer shell in two parts, as I would be
impossible to demould it. After all of the parts of the structure were prepared, the assembly
process was done, with use of adhesives and laminate stripes to securely bound each element
together.
Due to all of those, the spatial shell unibody solution may be very expansive in case of single
element production, as in a given case, due to the very high cost of forms and templates
preparation. Nevertheless, once prepared, those can be used many times, which decreases the
cost in case of series production. Additionally, once developed designing process can be
automated using generative modeling, as the input data to the main process is the outer shape,
which is not modified later. That may be used for commercial purposes, as many different
structures can be developed using the same numerical tools, but each of them would require
different forms and templates during the manufacturing.
Spatial frame
Spatial frame design consisted of carbon fiber fabric epoxy resin tubes, carbon fiber fabric
epoxy resin composite with PVC cellular foam core sandwich structures, 3D printed ABS
connectors between frame and vehicle body, 3D printed ABS connectors filled with PU foam
between tubular profiles as well as fuselage made of carbon fiber fabric epoxy resin. It can be
mostly manufactured by the team in the workshop using available tools, which not only
reduces the cost of the process but also has educational valour for the team.
The manufacturing process of the chassis requires tubes, which are commercially available to
be bought and as in the design only straight profiles were used, they do not have to be
specially produced by the manufacturer, which lowers their cost. These tubes can be cut to the
desired length in the team’s workshop.
To form the spatial frame, these tubes were bonded using 3D printed connectors filled with
PU foam (Witkiewicz, 2006), which arms were fitted into tubes and bonded with them using
adhesive. After assembling of the chassis was finished, these connections were then laminated
using carbon fiber fabric with resin infusion realized by vacuum bags applied locally on the
joint or by shrink wrap in case of less responsible connections. Lamination using prepreg
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could not be realized, due to the temperature required for the resin infusion, which would
affect connector printed from ABS (MATBASE, 2017).
Design of the connectors described above made the assembly of the spatial frame easier and
cheaper. In opposite to this approach currently used solutions are problematic either by the
requirement of plenty of socket-design connectors of different shapes making it expensive or
in case of tube-to-tube design by the requirement of exactly cut shapes of the tubes. What
made the assembly easier, was also that due to material characteristics of the connector it was
possible to elastically deform the connector, while parts were fitted. Also, the relative position
of the tubes and connectors were adjusted in cases when profiles were cut too short or too
long.
Sandwich structures, depending on available resources, due to their geometry (flat plate) were
either produced by the commercial manufacturer using prepreg to obtain lowest possible
weight due to low resin content, or by the team, forgoing their weight due to lack of
autoclave. Sandwich structures prepared in team’s workshop were manufactured using
accessible to buy PVC sheets and laminated using carbon fiber fabric with vacuum resin
infusion. These structures were then laminated into the structure using the same technique.
The fuselage was the most problematic part of the structure, as the team was not able to
produce a precision mould of this size on its own and therefore it was prepared by the
commercial manufacturer. Due to the shape of the body, the split mould was required.
Nevertheless, as in case of monocoque structure, the outer body had to be manufactured
strictly to instructions, with high standards to ensure the reliability of the shell, in case of the
spatial frame it did not play such an important role and its structure was simplified. Therefore,
depending on available resources, it could have been produced either by the commercial
manufacturer from prepregs to minimize its weight or by the team to reduce its cost and to
add educational valour. It was manufactured by the team in two stages, in each carbon fiber
fabric with vacuum resin infusion was used. The first stage was to create front and rear part of
the fuselage simultaneously, and following that, to obtain a perfect fit, secure those parts in
the mould using non-stick fabric and manufacture the middle part.
Connections between fuselage and chassis were 3D printed and bonded using adhesive,
therefore also manufactured by the team on its own.
CONCLUSIONS
The both analysed designs have their pros and cons, depending on their application. As the
difference of masses of the structures was negligible, selection of optimal solution has to be
conducted individually for each application. Cost of the structures, without efforts of the team
in case of unit production, would not vary too much from each other. Nevertheless, due to the
possibilities of existing man power, the spatial frame is cheaper. An additional advantage of
this solution is that it is easier to adapt and provides better access to subassemblies, which are
constantly developed by the team. The possibility to manufacture significant part of the
structure also has high educational valour and as a result awareness of its structure, which
helps successfully conduct eventual repairs or adaptations.
On the other hand, when commercial serial production is taken into consideration, monocoque
structure is actually cheaper. It is because both of the structures require outer body and
therefore mould, which is expensive, but manufacturing of a monocoque, as it has less
complicated structure, can be produced quicker, with a smaller amount of operations.
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Following that, it is also more attractive visually for the client, which is a very important
feature for a commercial vehicle. Also, advantages of a spatial frame are not applied in this
case, as the vehicle does not require any further adaptation of subassemblies, therefore also its
access to maintenance area is less important.
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ABSTRACT
The future of transport is foreseen in electric vehicles. Despite many advantages, the wide
usage of this type of vehicles is limited by a few shortcomings. One of the most serious
limitations of such vehicles is low range, which in combination with the poor infrastructure of
the charging station is a big limitation. The solution to the problem of low range of these
vehicles is implemented, among others, through the continuous development of battery
technology or the development of other automotive sources of electric energy (fuel cell
stacks). Another way to increase range is to reduce the energy consumption of electric
vehicles. This last issue is a special challenge. Designing electric vehicles is a complex issue,
especially in the context of reducing their energy consumption. The number of factors
affecting energy consumption is significant and covers a range of multidisciplinary issues.
The paper describes the method of optimization of an electric vehicle that allows for a
significant reduction of the energy consumption of the designed vehicle taking into account
multidisciplinary optimization. This method has been implemented to design an electric
vehicle designed for energy-efficient vehicles competition.
Keywords: energy-efficient vehicle, multidisciplinary optimization, model-based design,
model-based optimization, numerical simulation, Shell Eco-marathon.
INTRODUCTION
Typically, vehicle design takes place in several stages from the conceptual phase through the
preliminary design to the technical project at each stage there are strict specific phases of
partial optimization of individual subsystems or the entire system. The multidisciplinary
nature of issues that must be taken into account in designing hinders the overall optimization
leading to the inevitable compromises realized in individual stages. The changes that take
place in the next steps in the course of designing are not studied continuously in the direction
of their impact on optimization.
THE METHOD OF DESIGN AND OPTIMIZATION OF THE VEHICLE
The proposed method uses a completely different approach using a well-known design
method based on the concept of Model-based design (Skoberla, 2017). The Model-based
design assumes the development of numerical simulation models of the designed
multidisciplinary system from the earliest stages of design and development of this model in
accordance with the increasing level of detail of the designed system along with the
development of the system. In Model-based design, the system model is at the center of the
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development process, from developing requirements, through design, implementation and
testing. At each stage of design, the model is a reflection of the state of knowledge about the
designed system. This is especially important for complex systems whose operation is
difficult to predict. Thanks to the simulations carried out on the model, we can determine
whether the system development is going well. The simulation shows if the model works
correctly. The model is also used to determine the basic design features of the designed
system.

Fig. 1 - Model-Based Design diagram

In addition to the well-known Model-based design method, an intensive application of
optimization methods has been proposed, thus the strictly defined criteria for energy
consumption (Skarka, 2015) while driving allow not only to assess at each stage of the
development of the electric vehicle project what effect the proposed current design features
have on the energy consumption of the vehicle but also to find a set of features and solutions
optimal for defined assumptions and limitations (Tyczka, 2016), (Targosz, 2013).

Fig. 2 - Model-Based Optimization diagram

-416-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

Additionally, in combination with the tests on the real object using the inverse model and
optimization methods, it was possible to verify the design parameters that were determined
during the design process with an increased degree of uncertainty.

Fig. 3 - Model-Based Optimization diagram

The problem of the solution of the optimization task is significantly complicated when the
optimization issue is a multidisciplinary issue and requires the application of many different
specialist teams from various fields (Multi-objective Design Optimization) to solve the
problem. Apart from the organizational and logistic problems connected with the cooperation
of various organizational and often remote units operating in various social and cultural
conditions, and remaining only with the substantive assessment of the task itself, there are
many problems with such development works. Some of these problems are:
- Identification of requirements and constraints defined by customer is often difficult,
- The impact of non-technical aspects when defining objectives and criteria, especially
for consumer goods, essentially reduces the sense of optimization itself, because
ultimately non-measurable factors such as eg aesthetics of the product can have a
decisive impact on the development of the product itself and product sales volume,
- complex dependencies and couplings between the optimization tasks themselves,
usually consisting of local and global problems, make it difficult to identify and specify
the task,
- specific computer tools that hinder the task's integration are used in solving
optimization tasks,
- the complexity of the task requires the use of specialized equipment of high numerical
processing capacity.
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MDOs have evolved into a separate field and now a number of methodologies for solving
such optimization problems are proposed (Bil, 2015). Parallel to the methods and
methodologies (Neumaier, 2004), (Weise, 2009), there are proposed environments for solving
multidisciplinary optimization problems (Bil, 2015) (Sobolewski, 2015) such as FIDO,
iSIGHT, LMS OPTIMUS, DAKOTA. They allow for easier integration of independent
software usually used for modeling and simulation in structural design, aerodynamics,
aeroelasticity, thermodynamics, electrical design etc. Despite these facilities, the solution
usually requires intensive integration of activities in various fields and environments with a
large involvement of various specialists. The challenge is simplification allowing for
obtaining satisfactory results while reducing the resources (Liu, 1989) necessary to solve and
separating in time and making the tasks of specialized optimization and project activities
independent. This is especially useful for the development of specialized vehicles built for
electric racing of energy-efficient vehicles.
From practice and experience so far, four factors have a decisive influence on reducing energy
consumption: aerodynamic characteristics of the vehicle, its weight, drive and power system
characteristics, and driving strategy. Other factors related to the construction of the vehicle,
even if they have an impact on energy consumption, can be solved as separate optimization
issues, eg characteristics of the vehicle suspension.
During the development works on electric vehicles competing in the electric energy-efficient
racing competition, a methodology for vehicle optimization has been proposed, allowing for a
significant reduction of energy consumption. The methodology includes an iterative approach
consisting of:
- development of vehicle simulation model and MBD environment and conducting
simulations allowing for assessment of individual proposed solutions at the concept
construction stage,
- identification and construction of partial simulation models using various methods, eg
through stand tests
- conducting simulation and optimization of MBDO at various stages of development of
structures that help identify the impact of various factors on energy consumption and
determining the design features of the vehicle,
- development of an exact optimization simulation model of the vehicle in the race
environment and its verification through vehicle testing on the road,
- development of a racing strategy based on the results of optimization,
- using the reverse simulation model to verify the results of construction works and the
tuning of the model.
USE CASE
The method has been applied to the design and development of three existing vehicles for the
purposes of the Shell Eco-marathon race:
- MuSHELLka - Battery Electric Prototype category vehicle,
- Bytel - a vehicle of the Urban Concept BatteryElectric category
- HydroGENIUS - a vehicle of the UrbanConcept Hydrogen category
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Fig. 4 - MuSHELLka electric race vehicle

Fig. 5 - HydroGENIUS electric race vehicle
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Simulation models of the vehicles themselves are developed for vehicles, and the exact
simulation model of the racetrack is ultimately being developed. The models have a modular
design so that it is possible to improve this model as easily as possible.
The main modules of the simulation model developed in the MATLAB/Simulink
environment are as follows (Skarka, 2015):
- vehicle,
- racetrack,
- external conditions,
- strategy,
- movement resistance,
- movement parameters/results

Fig. 6 - Framework of the main model for MuSHELLka for Model-Based Design and
Optimization approach

The application of model simulation from the very beginning, even at the initial stage of the
concept in the design process of the MuSHELLka vehicle allowed to direct limited design
resources to design components having the greatest impact on the result and the initial
determination of the features of these components. Subsequently, during the development of
the project and the simulation model, simulation calculations were carried out whose results
allowed to determine the final constructional features (Wąsik, 2016). Next, the optimization
calculations were made towards developing the driving strategy during the race, the initial
results from the strategy indicated by the drivers and the application of the optimization
calculations were characterized by about twice as much energy consumption. Subsequent
work included verification of individual constructional features using MBDO methods and
road test results. The method was used to determine the aerodynamic characteristics of the
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vehicle (Skarka, 2014). The results of calculations have been confirmed in the wind tunnel
tests. For faster incorporation of results in the geometric model of the structure, advanced
methods of Generative Modeling (Jałowiecki, 2016) were used.

Fig. 7 - Aerodynamic tests of the vehicle - thread flow visualization

RESULTS AND CONCLUSIONS
The proposed design method involving a combination of Model-based Design and Modelbased Optimization has been used in the design of three electric racing vehicles that
successfully competed in Shell Eco-marathon (SEM, 2018), obtaining in 2016 the 2nd place
in the UrbanConcept class of vehicles with the Hydrogen Fuel Cell Stack power source. In
addition, the use of the inverse model was verified in the calculation of aerodynamic
characteristics, obtaining better results than in CFD (Computational Fluid Dynamics) methods
(Skarka, 2014). The current work focuses on improving the detailed model of power sources
and, above all, the complex power source that is Hydrogen Cell Stack integrated with
supercapacitors. With such power sources with complex characteristics, the use of MBDO
methods allows for a significant reduction of energy consumption while driving a vehicle.
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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 and 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.
MATERIALS AND METHODS
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=e/t)), the acceleration (a=∆v/∆t) and the mechanical power (P=Fv=mav).
RESULTS AND CONCLUSIONS
The results of this study are shown in Figure 1 (speed curve), Figure 2 (acceleration curve)
and Figure 3 (power curve).
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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
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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.
However, the acceleration upon starting was more pronounced in male athletes, so a
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).
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
The objective of the present study is to analyze the performance of the lower limbs in the
suspension service in volleyball. The sample consisted of 12 athletes seniors (6 women and 6
men) of Maputo. An Ergo-Jump platform (1000 Digitime, DIGITEST Finland) used to
determine the values of the lower limb explosive strength test using static jump (SJ) and
countermovement (CMJ). For the determination of the fatigue index (FI) the intermittent
vertical jumping test (IVJT) was used, following the methodology proposed by Bosco et al.
(1983). The test consisted of four sets of 15 jumps with countermovement and without
support of the upper limbs, with intervals of 10 seconds between the series. The main findings
were as follows: (i) the differences found demonstrated a high potential of the lower limbs of
the male group of 1.4, compared to the female group of 0.9. Comparing the two groups of
study, the value of the fatigue index presented by the boys, indicated less resistance to fatigue
despite the fact that there was no statistically significant difference between the study groups.
Keywords: jumping, performance, volleyball, suspension service.
INTRODUCTION
The jump has been widely used in our daily life determined by tasks such as transposition of
obstacles, water puddles on the asphalt, holes in the public roads.
Another factor is characterized by the generalized multiplicity of different sports modalities,
which combine this motor pattern (jump), single or in combination in a cycle of stretching and
shortening of eccentric and concentric muscular action of lower limbs.
The volleyball combines this multiplicity of factors for its development from the way played,
the size of the field, the weight and size of the ball, the rally time in a play, the psychomotor,
morphological and functional profile of the players among others. Thus, the present study
seeks to analyze performance by the lower limbs in the suspension service in volleyball.
MATERIALS AND METHODS
The sample consisted of 12 athletes seniors (6 women and 6 men) of Maputo.
In order to determine the values of the lower limb by means of the static jump (SJ) and
countermovement (CMJ), we used an Ergo-Jump platform (1000 Digitime, DIGITEST
Finland) from the Laboratory of Cineanthropometry of the Faculty of Physical Education and
Sports of the Pedagogical University.
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The Ergometer was connected to a timer that recorded flight time (FT) in centimeters or in
milliseconds. From which a set of equations 1 and 2 proposed by Bosco et al. (1983), for the
calculation of the elevation of the center of gravity and the height reached by the subjects.
ECG =

(1)

g×t
8

(

V f = Vi ⊕ g ou V f = Vi 2 ⊕ 2 × g V f − V i

)

(2)

For the determination of the fatigue index (FI), the intermittent vertical jumping test (TSVI)
was used, following the methodology proposed by Bosco et al. (1983). The test consisted of
four sets of 15s of maximum jumps with countermovement and without support of the upper
limbs, with intervals of 10 seconds between the series.
The calculated variables were the elastic index (EI), where EI = CMJ - SJ90º, which reflects
the contribution of the elastic components of the muscle in the jump performance, and the FI
(FI = PP (45-60) / PP (0- 15)), which reflects the reduction in strength production capacity
and maintenance of physical performance, according to Bosco et al. (1981) and Bosco et al.
(1983), respectively.
For the determination of the mean power, the following equation was used: MP = (g² * Tt *
15) / (4.n) * (15-Tt). The PP values were obtained in the last and first series of 15 seconds
(45-60 and 0-15), respectively.
To describe and interpret the results of this study, we used calculations based on means and
standard deviations of the data obtained in the study. The normality of the data was verified
through the Shapiro-Wilk statistical test and homogeneity among the variances through the
Levene statistical test. The Manny-Whitney U test was used to compare the groups. In all
analyzes the significance level of 5% was considered.
RESULTS AND CONCLUSIONS
Table 2 presents the values, in centimeters (cm), referring to the highest jump of each athlete
during the maximum power protocol.
Table 1 - Mean results of the SJ and CMJ and EI tests, for the male and female groups, respectively.

Group

Variables
EI (cm)

SE (cm)

CMJ (cm)

Male

1.5

33.0±2.0

34.5±3.2

Female

1.1

30.6±1.5

31.7±2.3

The values of SJ (32.3 ± 2.3 cm and 28.3 ± 2.6 cm) and CMJ (33.7 ± 3.4 cm and 29.2 ± 2.5
cm) were not similar to those reported in other studies (Carvalho, 2003; Pardal, 2003;
Hakkinen, 1991 and Ugrinowitsch and Barbanti, 1998), which seems to indicate that our
sample did not achieve good levels of performance in this test.
Analyzing the results of our study, we observed that the differences found demonstrated a
high potential of the muscles of the lower limbs of the male group of 1.4 compared to the
female group of 0.9.
Table 2 shows the peak power (PP), mean power (MP) and fatigue index (FI) values for the
two study groups, respectively.
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Table 2 - Mean results of the PP, MP and FI values for the male and female groups, respectively.

Group

Variables

Difference

PP (watts\Kg)

MP (watts\Kg)

FI (%)

Male

17.8

15.9

0.86

Female

15.5

12.4

0.91

Z

P

-1.927

0.096

In the evaluation of explosive strength resistance, the results of the PP of our study are below
with the findings of Valente et al. (1981) (25.79) and Hespanhol et al. (2007) (27.29).
The FI value in both study groups was high (86% and 91%, respectively). These values
indicated high resistance to fatigue, compared to the studies by Hespanhol, et al. (2007)
(59.33%) On the other hand, according to Valente et al. (1981), it is possible that the test not
performed by our sample in a maximum effort, corroborated by the low number of jumps.
Comparing the two study groups, the value of FI presented by the boys indicated a lower
resistance to fatigue, although no significant difference was observed (Z = -1,927, p = 0.096).
Analyzing the results of our study, regarding the maximum effort test, we observed that the
differences found demonstrated a high potential of the muscles of the lower members of the
male group of 1.4 with respect to the female group of 0.9.
Comparing the two study groups, the value of the fatigue index presented by the boys
indicated less resistance to fatigue, although no significant difference found.
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THE EFFECT OF MULTIPLE NEUROTRANSMISSION ON THE
BIOMECHANICS OF THE HUMAN STOMACH
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(*)
Email: saleh2030bh@gmail.com

ABSTRACT
The mathematical model of the human stomach has been used to investigate the effect of
multiple neurotransmission by acetylcholine, nitric oxide and motilin on biomechanics of the
human stomach (Miftahof, 2017). The results have revealed the dynamics of active and total
force development at different stages of the activation of excitatory and inhibitory system.
The chronotropic allosteric interaction among ACh, NO and Mot plays a pivotal role in
coordinated motor activity of the organ. Abnormalities in their interplay could lead to motor
dysfunction.
Keywords: biomechanics, human stomach, acetylcholine, nitric oxide, motilin.
INTRODUCTION
Cholinergic neurons are the most prominent in the ENS of the human stomach. Acetylcholine
molecules, released upon stimulation by Ca2+, exert postsynaptic metabotropic responses by
binding to muscarinic, µ2 and µ3 - Gq/11, G12/13 - protein coupled receptors linked to the
phospholipase C (PLC) intracellular signaling pathway. Ionotropic effect, on the other hand, is
achieved through the activation of ligand gated voltage-dependent Ca2+ - channels. The
electrophysiological outcome is characterized normally by the generation of fast excitatory
postsynaptic potentials.
The inhibitory neurotransmission in the human stomach is mediated by nitric oxide (NO). NO
elicits inhibitory pre- and post-junctional effects on ganglionic neurons and smooth muscle cerlls.
Intracellularly, NO activates soluble guanylate cyclase with the production of 3',5' - cyclic
guanosine monophosphate which further upregulates protein kinase G, phosphorylates phospholamban on the sarcoplasmic reticulum and increases the uptake of intracellular calcium ( Ca i2+ ).
The ionotropic effects of NO include the opening of large and small conductance K+ channels,
and the possible closure of Ca2+- dependent Cl- and L- type Ca2+ channels.
Motilin (Mot) is a 22-amino-acid polypeptide. It is released regularly - the process is tightly
regulated by the dynamics of Ca i2+ . The effects of hormone on the gastric contractile activity are
dose-dependent: at low concentrations, 0.03-10 (nM), Mot affects myenteric cholinergic
transduction by enhancing the release of ACh, whilst at higher concentrations, 10-100 (nM), it
directly evokes the mechanical reaction of smooth muscle.
The aim of the study is analyze in silico the conjoint action of acetylcholine (ACh), nitric oxide
(NO) and high concentrations of motilin (Mot) on myoelectrical activity of the gastric antrum
under complex physiological stimuli.
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RESULTS AND CONCLUSION
Acting alone at increasing doses, Mot steadily depolarizes smooth muscle, reduces the amplitude
and shortens the duration of slow waves. These changes correspond to a significant rise in the
basal muscle tone and the active force, T a = 16.1 mN/cm. The mechanical stretching of the
antrum at a high frequency and the subsequent release of ACh, results in the production of
regular high amplitude spikes on the crests of slow waves. Smooth muscle responds with strong
phasic contractions, T a = 8.3 mN/cm. The application of Mot at 50-100 nM does not affect the
cholinergically mediated myoelectrical activity, although it evokes contractions of inconsistent
amplitudes: T a = 2.9-8.3 (mN/cm). The release of a “puff” of NO to the gastric antrum which has
been exposed to ACh and Mot, fails to exert any inhibitory effect. When the addition of NO
precedes ACh and Mot acute short-lasting relaxations with min T a = 7.7 mN/cm are observed.
The asynchrony between the firing rate of interstitial cells of Cajal and the presence of Mot at 85
nM, causes the production of active forces of wavering strength. The antrum fails to relax
completely. A lower frequency of ganglionic activity allows a greater degree of relaxation, Ta=8
mN/cm, and contractions of larger amplitude, 9.9 mN/cm (Figure 1).
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Fig. 1 - The dynamics of intracellular calcium and total force variations

The results have unveiled intricacies of co-transmission by multiple neurotransmitters in the
antrum of the human stomach and the dynamics of active forces development. The
chronotropic interaction among ACh, NO and Mot plays a pivotal role in coordinated motor
activity of the organ. Abnormalities in their interplay lead to motor dysfunction.
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BIOMECHANICS OF THE BOLUS PROPULSION IN THE COLON
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ABSTRACT
The mathematical model of a segment of the human colon based on real anatomical and
electrophysiological data has been used to investigate the effect of the viscous and dry friction
on the dynamics of propulsion of the bolus. The results of simulations of movement patterns
resembled those recorded experimentally and provided quantitative insights into the spatiotemporal patterns of changes in configuration, the distribution of contact forces over the
bolus, and also predicted the average velocity of colonic transit. Thus a reciprocal relationship
in the contraction of the longitudinal and circular smooth muscle was necessary to guarantee
the "mixing" type of movements. Strong conjoint contractions of both muscle layers were
necessary to expel the pellet from the gut. In cases of increase/decrease in the viscous and dry
friction diabetes, there are significant changes in colonic transit.
Keywords: a segment of the human colon, thin shell, viscous and dry friction, bolus,
propulsion.
INTRODUCTION
The primary functions of the large intestine (colon) are to store, process and expel fecal mass
residues. These require sustained contractile activity in the organ. Patterns of contractions
produced by the colon are associated with non-propagating and high amplitude propagating
mass movements. The disparity between mechanical and propulsive activities caused by
anatomical and/or neuropathological changes in the organ result either in constipation,
obstructed defecation or diarrhea. The severity and the diversity of the clinical symptoms,
relative inaccessibility and the complexities posed by the presence of solid or semi-solid fecal
masses, make it difficult to formulate hypotheses of underlying pathophysiological
mechanisms and thus design effective treatments.
The aim of this study is to investigate numerically the propulsion of the intraluminal content
(bolus), to assess the dynamics of stress-strain distribution and changes in the shape and
configuration of the colon and to analyze the effect of the viscous and dry friction on bolus
propulsion.
RESULTS AND CONCLUSION
The mathematical model of a segment of the gut with an enclosed bolus was used to run
simulations [1]. The colon was represented as a thin deformable soft biological shell with the
bolus modelled as a non-deformable solid sphere. The bolus in motion was subjected to dry
and viscous friction, and the inertia forces were neglected. Propagating electromechanical
waves triggered contractions and the movement of the sphere.
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The results of simulated movement patterns resembled those recorded experimentally. These
provided quantitative insights into the space-temporal patterns of changes in configuration
and the distribution of contact forces over the bolus. The average velocity of colonic transit
was also predicted. A reciprocal relationship in the contraction of the longitudinal and circular
smooth muscle was necessary to guarantee the "mixing" type of movements. Strong conjoint
contractions of both muscle layers were necessary to expel the bolus from the gut.

Fig. 1 - The effect of the viscous (µ) and dry (Fd) friction on propulsion of the bolus in a
segment of the colon. A: µ = 230 Ns/m; Fd = 20 N. B: µ = 230 Ns/m; Fd = 2 N. C: µ = 200
Ns/m; Fd = 20 N. D: µ = 90 Ns/m; Fd = 450 N. E: µ = 230 Ns/m; Fd = 450 N. F: µ = 1200
Ns/m; Fd = 20 N. G: µ = 230 Ns/m; Fd = 800 N.

The dynamics of stress-strain distribution demonstrated the rise in intensity of active
propulsive forces in the circular smooth muscle layer throughout the entire phase of
propulsion of the bolus. Viscous, as compared to dry, friction had a marked effect on the
average velocity of colon transit. Thus the addition of osmotic and rapidly acting lubricant
laxatives intraluminally significantly reduced the time required for expulsion of the bolus
(Figure 1).
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ABSTRACT
The mathematical model of the human stomach has been used to investigate the effect of
damage to the vagal nerve on biomechanics of the organ. The results have clearly
demonstrated: i) no significant variations in the frequency but a reduction in the amplitude
and the irregular pattern of slow waves, ii) a decrease in number of spike bursts, and iii)
diminished or absent mechanical waves of contraction. These findings correlate strongly with
the degree of vagal denervation and are more conspicuous after truncal and selective
vagotomy. Electromechanical processes have occurred haphazardly and no coordinated
peristaltic waves have been formed.
Keywords: biomechanics, human stomach, mathematical model, vagotomy.
INTRODUCTION
The coordination of electromechanical processes in the stomach is determined by the
interplay between the myenteric plexus (MP) and the vagal input. Diabetic neuropathy and
damage to the vagus nerve lead to gastroparesis diabeticorum - a severe medical condition,
the pathophysiology of which is obscure.
The aim of the study is to analyze the effect of “diabetic vagotomy” on gastric motility. A
mathematical model of the human stomach (ABS Technologies®) is employed to simulate
electromechanical processes in the organ. The human stomach is modeled as a thin soft shell,
incorporating real anatomical, histomorphological and electrophysiological data [1]. The
myenteric plexus is treated as a two-dimensional ganglionic neural network with dispersed
interstitial cells of Cajal - pacemakers.

RESULTS AND CONCLUSION
The results of numerical simulations show that subsequent stimulation of mechanoreceptors
in the stomach induces the generation and propagation of excitatory waves in the MP. These
organize local electromechanical reflexes within discrete ganglia, and can be traced as far as
the axonal projections of motor neurons. Myogenic responses appear sporadic - the
occurrence of slow waves is indiscriminate and associated contractions are disorganized. In
the absence of vagal inputs, the MP cannot sustain the propagation of excitation and
interconnectivity among ganglia. No areas of firing pacing emerge and no strong connectivity
among MP, interstitial cells of Cajal or smooth muscle across the organ develop.

-437-

Topic-H: Biomechanics Applications

Electromechanical processes occur haphazardly and no coordinated peristaltic waves are
formed.
The concomitant distension of the stomach with the “ingested” meal and the subsequent
stimulation of mechanoreceptors induce the generation and propagation of waves of
depolarization in the sensory-motor neuronal chain. These organize local electromechanical
reflexes within discrete myenteric ganglia and can be traced as far as the axonal projections of
motor neurons. Myogenic responses appear sporadic and temporal, (spatially discordant), i.e.
the occurrence of slow waves is indiscriminate and associated contractions are disorganized
(see Figure 1 below).
Fundus

Corpus

Antrum

Fig. 1 - A pattern of electrical activity in the human stomach after vagotomy

The findings correlate with postoperative recordings of the gastric myoelectrical and motor
activity in patients who have undergone different extents of vagotomy, and demonstrate: (i) a
reduction in the amplitude and an irregular pattern of slow waves, (ii) a decrease in number of
spike bursts, and (iii) diminished or absent mechanical waves of contraction after vagotomy.
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ABSTRACT
A computational model was used to study the effect of metoclopramide on the biomechanics
of the gastroparetic human stomach. The results show that metoclopramide can reinstate
focally normal patterns of myoelectrical and mechanical activity at discrete sites of the
stomach. The drug, however, neither organizes nor sustains a coordinated propagation of
electromechanical waves in the organ. The integrity and functionality of the regulatory system
is essential in achieving the desirable pharmacological effect, i.e., the synchronization and
restoration of the rhythmicity of slow waves and phasic (propulsive) contractions.
Keywords: biomechanics, gastroparesis, human stomach, metoclopramide.
INTRODUCTION
Gastroparesis is manifested by altered gastric movements in the form of either atony, or hypo
or hypermotility. These are a result of pathological changes in the anatomy of the organ, the
myenteric nervous system, interstitial cells of Cajal (ICC) and the interplay amongst them.
The treatment of gastroparesis relies mainly on the use of metoclopramide, the only US FDAapproved medication. In vitro investigations of the effect of metoclopramide on isolated
specimens from the human stomach have shown that the drug facilitates cholinergic
neurotrans-mission induced by subtle stimulation of 5-HT4 receptors. Transmembrane 5-HT4
receptors are a part of the G-protein coupled receptor family positively linked to the
stimulatory Gs protein pathway. These receptors are expressed on smooth muscle cells
(SMCs). The resultant effects of their activation are: an increase in Na+, BKCa, Ca2+ and a
decrease in K+ ion channel permeability; enhanced neuronal acetylcholine (ACh) release;
strengthened contractility. The aim of this study is to analyze the effect of metoclopramide on
the biomechanics of the gastroparetic human stomach.
The mathematical model of the gastroparetic human stomach and numerical algorithm are
described elsewhere [1]. It is noteworthy that structural damages are incurred in the myenteric
nervous plexus. SMCs, although entangled in the network of excessive collagen fibers,
sustain their functionality and react to direct 5-HT4 receptor stimulation. Viable ICC and
motor neurons discharge at their natural frequencies with a phase shift (time-disintegrated).
RESULTS AND CONCLUSION
The effect of metoclopramide on the myoelectrical activity of the SIP/ganglion unit is dosedependent. Acting conjointly with endogenous ACh, the drug: reduces the amplitude of Ca2+;
intensifies BKCa, and decreases K+,Cl- ion currents; depolarizes the resting membrane
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potential of SMCs; decreases the amplitude, and restores and stabilizes the rhythmicity of
slow waves; induces phasic bursting of spikes at a constant frequency of 2.5 Hz. At low
concentrations the drug initiates phasic contractions, whilst at moderate concentrations tonictype contractions is produced. Myoelectrical and phasic contractile activity cease at high
concentrations.
The reaction of the SIP/ganglion unit to the drug changes if its morphofunctional integrity is
preserved, along with the ability of the motor neuron to respond directly to the stimulation of
somatic and presynaptic nerve-terminal 5-HT4 receptors. Metoclopramide acting specifically
at neuronal 5-HT4 receptors increases 2-fold the frequency of discharges by the motor neuron.
The motor neuron entrains ICC and synchronizes oscillatory myoelectrical activity of the
stomach. A larger amount of free ACh is released and regular rhythmic slow waves of high
amplitude and spikes are generated. SMCs produce strong regular phasic contractions. The
recorded amplitude of total force is 12.27 mN/cm with maxT, 20 mN/cm.
The following concomitant stimulation of 5-HT4 receptors on SMCs at a low dose sustains
phasic contractility with a positive effect on the strength, maxT = 22 mN/cm. The qualitative
and quantitative effects of metoclopramide on the myoelectrical activity of the stomach are
similar to those described above. At high concentrations the drug changes the pattern of
spiking from phasic bursting to beating and ceases regular phasic contractions. SMCs develop
a long-lasting contraction of maxT = 26 mN/cm.
The results of numerical simulations demonstrate that in the case of structural disarrangement
within and between the MP and ICC network, metoclopramide can reinstate focally normal
patterns of myoelectrical and mechanical activity at discrete sites of the stomach.
Metoclopramide does not organize and sustain a coordinated propagation of
electromechanical waves in the organ. The integrity and functionality of the myenteric
nervous plexus is essential in achieving the desirable pharmacological effect. Only then does
the drug synchronizing discharges of inter- and motor neurons, entrain firing of detached ICC,
and restore the rhythmicity of occurrence and propagation of slow waves and phasic
(propulsive) contractions (Figure 1).

Fig. 1 - Synchronization of myoelectrical activity in the stomach by metoclopramide
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ABSTRACT
The effect of multiple co-transmission by acetylcholine (ACh) and substance P (SP) on the
biomechanics of the antrum of the human stomach has been investigated in silico. The results
demonstrate the intense excitatory effect of ACh and SP on the firing rate of interstitial cells
of Cajal on myoelectrical activity of the smooth muscle syncytium, and on contractility of the
antrum. Quantitative analysis of co-transmission by ACh and SP and the regulation of antral
gastric motility provide an insight into the hidden mechanisms on physiological activity and
suggest pathological mechanisms at work in the development of, e.g., gastric arrhythmia,
retrograde peristalsis, etc.
Keywords: human stomach, acetylcholine, substance P, biomechanics, contractility.
INTRODUCTION
Acetylcholine (ACh) is a ubiquoutous neurotransmitter in the stomach. It is released upon
stimulation by electrical stimulation and it exerts metabotropic and ionotropic responses by
binding to muscarinic G - protein coupled receptors linked to the phospholipase C (PLC) and
the activation of ligand gated Ca2+ - channels. The result is the generation of fast excitatory
postsynaptic potentials (EPSP). Substance P (SP) is a neuropeptide that exhibits a plethora of
effects including the production of prolonged EPSP and contraction/relaxation of gastric
smooth muscle cells (SMCs), by binding selectively to two distinct ionotropic, NK1, and
metabotropic, NK3, receptors. Both receptors are members of the G-protein coupled receptor
family and employ the IP3 as well as adenylate cyclase - 3'5' adenosine cyclic monophosphate
and protein kinase C signaling pathways. These enhance the release of Ca2+ from the
sarcoplasmic reticulum through ryanodine receptor channels and its influx by opening
transmembrane L-type Ca2+ channels on SMCs. ACh and SP are co-stored in the primary
sensory and motor neurons. In this study it is assumed that: i) ACh release precedes SP, ii)
ACh and SP interact synergistically, rather than additively, iii) there are muscranic type
receptors and NK1 and NK2 type receptors on SMCs, and also NK1, NK3 receptors on the
motor neuron and on interstitial cells of Cajal (ICC).
The aim of the study was to investigate in silico the effect of co-transmission by ACh and SP
and receptor polymodality on the dynamics of myoelectrical and contractile activity in the
antrum of the human stomach.
RESULTS AND CONCLUSION
The trigger in the release of SP is the rise of intracellular calcium. This induces exocytosis of
the neurotransmitter from the vesicular stores. As a response to a single excitation 0.2 µM, SP
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is released and increases 14.5 times after a high frequency, 0.5 Hz, stimulation. The free
fraction of SP diffuses further into the synaptic cleft where max[SPc] = 0.056 µM is recorded,
Figure 1. A general tachykinin conformer of the NK receptor binds to SP to form a complex,
max[SP-NK] = 0.042 µM. The latter activates guanine-nucleotide G protein which initiates
the PLC signaling pathway. The final step in the cascade is the phosphorylation/
dephosphorylation of intracellular proteins by protein-phosphatase. The quantity of active
proteins rises to 166 nM and remains at this level for the duration of stimulation. They alter
the permeability of ion channels and cause the generation of long lasting EPSPs of low
amplitude, 20 - 40 mV.
SP and ACh have a profound effect on the firing rate of ICC and myoelectrical response of
the antrum. The frequency of ICC discharges increases nearly fourfold from the normal value.
SMCs become depolarized and produce regular slow waves of average amplitude 26 mV at a
ν = 4 Hz. The amount of [ Ca i2+ ] quickly reaches 0.49 µM and stays at this level during the
continued presence of reactive proteins. As a result, a long lasting tonic-type contraction of
intensity max T a = 25.4 mN/cm develops.

Fig. 1 - The electrical activity and total force variations in presence of ACh and SP

The observed results of numerical simulations provide an insight into the intricate intrinsic
mechanisms apparent in the regulation of antral gastric motility. Pathological changes in the
dynamics of excitatory neurotransmitters, ACh and SP, may lead to abnormal contractility,
e.g., gastric arrhythmia, retrograde peristalsis and spastic contractions of the antrum.
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ABSTRACT
A simple axisymmetric membrane pipe element models approximately the deformation of
large gauge human arteries. This finite element bears on large radial displacements when a
soft and highly elastic tissue is stressed by internal pressure. Its formulation assumes a
simplified axially inextensible membrane pipe, where the radial displacement is coupled with
the axial one by the axial inextensibility of the pipe element. The element formulation was
achieved from the equivalent large displacement stretched membrane theory (by Lagrange
equation) with a weak formulation by Green theorem leading to a low order axisymmetric
finite element. An experimental set up was also built to allow the measurement of the radial
expansion of the vessel model under static pressure.
Keywords: artery model, blood pressure, finite element applications, membrane pressure
interaction, biomechanics.
INTRODUCTION
Large gauge arteries or veins are similar to a straight fluid conductor at some parts of the
circulatory system, namely in the abdominal cavity. In this work, an axisymmetric finite
element based on the concept of a self-sustained thin pressurized membrane was developed.
The strain and stress formulation field bear on large displacements and strain dependent
mechanical properties for the highly elastic material. About this last perspective, a synthetic
material (UHU® universal high-tech sealant: http://www.uhu.com/fileadmin/user_upload/pdf/
produktkatalog.pdf), was selected for an experimental simulation of the strain and artery
model distortion under hydrostatic pressure. The equilibrium equations for the infinitesimal
element refers only to the radial direction, as the deformed shell geometry contributes with
incremental values of the axial force projected over the radial direction; on other hand, the
internal shell forces are in balance along the axial direction without first order incremental
values, so generating a redundant equation for the internal force equilibrium.
RESULTS AND CONCLUSIONS
A sample of results for the axial section artery profile is depicted next (Figures 1 and 2). Pipeartery model dimensions and properties are as follows:
Internal section radius r = 9mm; pipe thickness h = 2,5mm; pipe length L=200mm.
Polymer properties: Young Modulus E=0,673MPa.
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Pressure from water pressure at 5m height (pipe-artery at internal pressure 50 KPa).
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Fig. 1 - One pressure increment: radial displacement is 2.18mm (pipe detail at one edge: x=50mm)
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Fig. 2 - 100 pressure increments: radial displacement is 3.53mm (pipe detail at one edge: x=50mm).

Results from experiment with 5m water column height: maximum radial displacement
3,1mm.
Results with Abaqus Software: 2.8mm.
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ABSTRACT
This paper presents the results of experimental and FEA simulation research, which purpose
was to study of the cancellous bone under compression load. Samples of 25 mm diameter
swine cancellous bone were prepared. In experimental tests, bone specimens were loaded with
a 1000N force under the control of the µCT. As a result of µCT imaging, the CAD model of
bone specimen was obtained and displacements of cancellous bone were measured as function
of the force. A systematic series of tests were performed in order to study and introduce the
nature of the damage caused by compressive load. A finite element study was proposed to
evaluate mechanical stress in porous material of bones specimen. Obtained results in
experimental and numerical studies were compared and mathematical relationships were
shown.
Keywords: biomechanics, µCT, FEA, cancellous bone.
INTRODUCTION
Mechanical bone tests have been conducted for a long time, but until now a model describing
all the phenomena occurring in the bone material has not been worked out (Draughn, 2000).
The development of microtomographic techniques allows accurate imaging of bone
microstructure, which allows to accurately assess bone quality in vivo and is essential for
evaluating of mechanical properties of bone (Tozzi, 2012; Zhang, 2014). The test stand for
experimental research was developed; this is a platform consisting of an actuator as well as
force and displacement sensors, which can be placed in the measuring space of the phoenix
microCT Computed Tomography System. This allows to simultaneously conducting
mechanical tests and µCT imaging.
actuator with
position sensor
rotary head with
axial load sensor
rotary support

Fig. 1 - The test stand for experimental research of bone specimen under µCT control
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RESULTS AND CONCLUSIONS
The results of µCT imaging are shown in Figure 2. The µCT imaging allows on quantitative
and qualitative analysis of the microstructure of cancellous bone. The results from the
experimental tests are shown in Figure 3. The linear behaviour is proved in load-displacement
curves. Non-linearity of the curve by 200 N and 600 N of load are caused by micro-cracking
already in the linear range of deformation.

A-A
A↓

↓A

Fig. 2 - The view of bone specimen with the exemplary cross section of bone specimen
extracted for qualitative analysis.

Axial load [N]
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Fig. 3 - Experimental results of compressive test of bone specimens.

This study shows that FEA are necessary to evaluate mechanical stress in porous material of
bones specimen. The maps of Huber-Mises-Hencky (HMH) stress in bone specimen are
determined.
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ABSTRACT
This work compares, using FEA tools, the different behaviour of the anterior cruciate
ligament reconstruction (ACL) depending on the bone quality of the patient. In the literature,
some authors (Hernandez and Keaveny, 2006) analyse how the age of the patient and the risk
of osteoporosis can affect the density of the bone, and thus, the elastic modulus of the
material. With this basis, the aim of this paper is to give an approach of how the quality of the
cancellous bone affects the later response of the fixation in ACL reconstructions, focusing on
the tibia-graft-screw assembly. This will help with the preoperative, choosing the best relation
between the diameter of the interferential screw, the diameter of the tibiae tunnel and the
election of the graft in each case.
Keywords: biomechanics, ACL reconstruction, interference screw, postoperative response,
bone quality.
INTRODUCTION
Anterior Cruciate Ligament (ACL) injury is the most common ligament injury in the knee for
athletes. However, due to the adoption of healthier habits and the consequent increase in life
expectancy, this injury is becoming increasingly common in people of wide ranges of ages
and health conditions. In addition, the postoperative care requirements and the degree of
satisfaction felt by patient will depend on the age and health of patient in terms of bone
deterioration, and mainly the need of restoring a previous sport condition. To achieve the
purpose of the paper, numerical models (based on finite element methods), as well as
experimental results, will be used to reproduce the degradation of bone with the age of the
patient. The variation of the cancellous bone quality will be modelled through the change of
both the elastic modulus and the strength of the bone.
The behaviour of graft fixation will be studied in terms of compressive stresses and pull-out
strength, since bone quality directly affects the pull out stress required to displace the screw.
Thus, both the tibiae bone tunnel-interference screw joint and the tibiae bone tunnel-ACL
joint have studied. The higher the compressive stress, the best the configuration. In addition,
tensile tests have been simulated for checking the pull out strength of the reconstruction
measuring the tensile load that causes the screw to slip. According to the age-related
variations (mean +-SD) in the mechanical properties in the three age groups analysed (young,
middle and old patients) found in bibliography (Ming Ding, 1997), three different Young’s
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Modulus have been used in this study (700 MPa for young, 900 MPA for middle and 600
MPa for old patients). It has also been found a direct relation between the stress in the bone
caused by the interference screw and the elastic modulus of the bone. For these age groups,
the ultimate stress (strength of the tibiae cancellous bone) considered for the numerical
studies vary from 14 MPa for young patients to 7 MPa for old ones, been around 11 MPa for
middle-age patients (Keaveny, 2001).
MATERIALS
In the present work, fresh porcine tibiae were used, storing them at the sacrifice moment. As
plasty, porcine tendons of the flexor digitorum were chosen, storing at the sacrifice moment as
well. Tendons were selected with the most similar and homogeneous diameter as possible, of
approximately 4mm. In Figure 1, biological material used during the investigation is shown.
All these material were frozen at -22ºC and, then, defrosted for the mechanical test. After the
defrosting, the different samples were maintained wet until the execution of the mechanical
test with saline solution, and were stored in hermetically sealed polyethylene bags.

Fig. 1 - Biological material

With the purpose of obtaining the geometric models and the mechanical behaviour models
needed in the FEA analysis, the different materials were subjected to different test
methodologies.
In the case of cortical bone, and basing our analysis in the results obtained with similar
materials (Giddings, 2001), the Small Punch Test (SPT) was chosen to characterize the
mechanical behaviour of this part of the bone. During the test, load-displacement values were
registered. Some samples are shown in Figure 2.

Fig. 2 - Cortical bone samples. SPT colocation
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The characteristic curves obtained clearly define a linear elastic material. Thus, the
mechanical parameter needed to define the cortical bone in FEA model is the elastic modulus.
This parameter was obtained with the simulation (using a FEA model) of the test. The elastic
modulus will be the value which best fits the numerical load-displacement curve to the
experimental one. This value was E=25GPa, very closed to the bibliographically found for
humans of 20GPa (Dorogoy, 2017). This value was chosen as reference because of the
similarities, in terms of mechanical behaviour, between porcine and human bones. The
Poisson’s coefficient was selected basing on bibliography data (Peña, 2007), with a value of
0.35.
In the case of the trabecular bone, Figure 3, and with the aim of characterize this material,
fresh trabecular bone samples, conveniently measured, were subjected to compression tests.

Fig. 3 - Trabecular porcine bone samples

With the characteristic curves, mechanical parameters will be obtained for defining this
material. From our results, and coinciding with other authors approaches (Burstein, 1975), the
trabecular bone behavior could be considered as elastic-perfectly plastic. Thus, the
mechanical parameters needed will be the elastic modulus (E) and the yield stress (Sy).
Three cases of study have been considered in this paper: young patient, middle-age patient
and old patient. These cases reveal the difference, in terms of bone density and mechanical
strength, between the three population cases. In our FEA model, the values for elastic
modulus and yield stress considered were shown in Table 1.

Table 1 - Trabecular bone parameters
E (MPa)

Yield
Stress(MPa)


(MPa)

Ultimate
Strain(%)



Young person

700

14

14.42

3

0.012837

Medium-age

900

11

11.275

2.5

0.01072

Old

600

7

7.14

2

0.0086
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The trabecular bone exhibits anisotropy, that is, its elastic modulus and its yield stress are
different in both directions, transversely and longitudinally. This orthotropic characteristic is
defined with the equations which establish the relation between the elastic modulus and the
Poisson’s coefficient obtaining the shear modulus:



(1)







(2)



where the Poisson’s coefficient for trabecular bone has a value of 0.35.
In relation to tendons (Figure 4), they were characterized using uniaxial tensile tests, but with
different fastener devices, which allowed pressure to be increased with load.

Fig. 4 - Tendon during tensile test

Afterwards, the mathematical model of the material behavior was done for specific soft
biological tissues. Basing the model in bibliographic results and taking into account the
constitution of the tissue, tendons were modelled as transversely isotropic and longitudinally
anisotropic and hyper-elastic behavior. That means, that the collagen fibers that compound
these kind of tissues, are in one and unique direction of the tendon, the longitudinal one. This
is why the only stress different to zero, and positive (tensile stress) will be the longitudinal
stress.
Experimental procedure reveals that tendons are materials which exhibit large deformations at
low loads. These tissues present a strong non-linearity (Figure 5). Therefore, the proper
formulation needs to be found in order to achieve the constitutive material model that better
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adjust to these requirements, assuming that the tissue is incompressible or quasiincompressible (Odgen, 2001).
For this purpose, a modified Weiss’s model (Weiss, 1996) is done. The most proper analytical
expressions for tendon tissue were obtained. These expressions have been used by Calvo et al.
(Calvo, 2009) in previous works.
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The constants c10, c3, c4, c5, c6 y c7 are obtained by fitting experimental data of both tested
tendons (Figure 5) applying an error function minimization between experimental stress and
analytical stress. 
  e 
,-. are the minimum and maximum values that define the tendon
exponential curve.

Fig. 5 - Characteristic curve tendon 1. Tensile test

As far as the FEA software does not have a proper model to characterize this material, a new
subroutine (uanisohyper_inv) was programed in Fortran for Abaqus, taking into account that
this tendon only has a unique fibers family.
Finally, the interference screw mechanical model, Figure 6, was deduced from the results of
compression tests done over interference screws, from which load-displacement curves were
obtained. The elastic modulus can be determined fitting the numerical curve to the
experimental one. In this case, the obtained elastic modulus was 8GPa, very similar to the
value proposed by other authors for this type of mixture (PLLA+HA) in the same proportions
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(Jianping, 2006). This material (75% PLLA+25%HA) is an elastic-plastic material. Thus, it is
important to know the yield stress, too. In this case, the value of yield stress for this specific
material is 100MPa, with a Poisson’s coefficient of 0.45.

Fig. 6 - Interference screw.

NUMERICAL MODEL
FE Analyses in this study were performed using commercial software ABAQUS. Two
dimensional (2D) model of the simulation is shown in Figure 7.

Fig. 7 - FEA model of ACL reconstruction

Asymmetric conditions were utilized and eight-node brick elements type plane stress, two of
them node linear and the other one bilinear with reduced integration and hourglass control
(CPS3, CPS4 and CPS4R within ABAQUS) were used.
Surface contact option within ABAQUS was applied between surfaces of the interference
screw, the trabecular bone and the tendon, being the screw the master surface for bone-screw
and screw-tendon contacts, meanwhile the master surface for bone-tendon contact is the bone.
The interaction contact between the screw-bone and bone-tendon was type friction defined by
a tangential behavior with a friction coefficient of 0.1 and a normal behavior type hardcontact. In all cases geometric properties were taking into account.
Contact controls were created to have a properly stabilization during the simulation. These
controls are chosen with automatic stabilization (with a factor of 0.001) in order to let the
program decide the value that best fits in each step.
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In the case of the screw-tendon contact, the interaction was defined by a frictionless behavior,
with a null friction coefficient as tangential behavior and a hard-contact normal behavior.
Both interaction properties were created with active geometric properties active and using
automatic stabilization.
As boundary conditions, it is important to note that the tendon is fitted in the superior edge
simulating its position in femur hole. The cortical bone is also fitted in its edges in order to
have a stable position in reconstruction.
It is also important to define properly the geometric relations. Our model started with the
surgeon (A. Maestro) guidelines, based on his own experience. These geometric relations are
highly dependent on screw diameter. As far as this value is 7mm, the tibia hole is considered
as 8mm and the tendon diameter as 8mm (doubled-tendon of 4mm).
All material properties were defined using the information described in section “Materials” of
this paper, using in the case of the tendon, the subroutine programmed. That is, Fortran
command window was used in order to call the subroutine at the same time the model was
running.
The simulation was divided in four steps. The first step was used to apply the minimum
longitudinal tensile load (Y-axis) to the tendon required to maintain a tensile stress over it in
order to avoid the tendon could be coiled around the screw when this entity is being
introduced into the tibia hole.
Second step was created to apply minimum load in transverse direction (X- axis) in order to
let the screw to advance into the tibia hole without interference.
Next step is used to properly positioning, in transverse (X-axis) direction, the interference
screw. It is known that there are two possibilities of ACL reconstruction. One of them is
based on the use of symmetry between the tibia hole and the screw axis, making both
symmetry axis coincident. With this geometry position, the tendon was forced to be double
but in both extremes of the screw (Figure 8).

Fig. 8 - FEA model of ACL reconstruction with symmetry conditions
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In this work, the other option was chosen. That is, the symmetry axis of the screw is not
coincident with the symmetry axis of the tibia hole. In this case, the doubled-tendon was
positioned at one side of the screw, between the trabecular bone and the cited screw (Figure
9).

Fig. 9 - FEA model of ACL reconstruction with asymmetry conditions

In the last step, the screw is totally introduced in the tibia hole. This provokes an interference
with the trabecular bone which is partly damage by the screw. However, as we said in the
previous section, since the tendon is a material that only works in the fiber family direction
(longitudinal), it does not suffer important damage with the screw interaction.
RESULTS
Simulation was used to determine the compressive stress in trabecular bone after screw
introduction in tibiae hole during the surgery. The three cases of study were simulated with
the different trabecular bone properties. The main objective is to determine how material
properties of the bone affect the results of the ACL reconstruction. In Figure 10, the
transverse stress in the trabecular bone during the interference screw introduction are shown.
The results of the study determine that compressive stress in trabecular bone after surgery for
a middle-age patient is approximately a 30% higher than in the case of a young patient (less
than 30 years). While, for old patients (older than 70 years), the stress value decreases a 70%
with reference to the middle-age one. However, the displacement produced by the slip of the
screw into the trabecular bone is similar for the three cases under study (Figure 11).
The final position of the reconstruction in numerical simulation model is shown below, in
Figure 12.
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Fig. 10 - Transverse Stress screw-bone
interaction

Fig. 11 - Displacement produced by the slip of the
screw into trabecular bone

Fig. 12 - Final position of the introduction of the screw into tibia hole

CONCLUSION
The main purpose of this work was to make a FEA model that reproduced the Anterior
Cruciate Ligament reconstruction in order to know the effect of bone quality (with three age
cases under study) in the reconstruction final results.
As conclusion, the worst quality of the trabecular bone is obtained at old age, when the
compressive stress is lower than in the other two cases of study. It is important to remark that
the middle-age patient has the best bone quality taking into account the results of this study.
Finally, the transverse displacement of trabecular bone produced by the interference screw
action during its introduction on the tibia hole, is less than 1mm in all cases of study.
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ABSTRACT
This work is part of a research whose main objective is the optimization and personalization
of anterior cruciate ligament reconstructions (ACL) from a numerical model based on the
simulation of the aforementioned reconstruction. The parameters that characterize each
patient can be modified, both geometrically and mechanically. For this purpose, an extensive
experimental procedure is developed focused on the biomechanical characterization of the
elements involved in the reconstruction (bone-plasty-screw). Using in vitro samples of all the
elements, the experimental procedure begins with the use of small punch test (SPT) for the
mechanical characterization of different areas of tibiae and femoral cortical bone, as well as
compression tests for the characterization of cancellous bone (tibia and femur) and
interference screw. The mechanical response of the plasty will be carried out by subjecting it
to uniaxial tensile loads analysing its deformation with the use of digital image correlation
techniques (DIC). This allows defining parameters such as the elastic modulus or the
Poisson's coefficient. These new techniques in the biomechanics field will allow the
development of much more precise bone-plasty-fixation behaviour models than the current
ones.
Keywords: ACL, SPT, Digital Image Correlation, FEM, diameter relation screw-tibia hole.
INTRODUCTION
The ACL injury is estimated in the 0.4% of the population, where 2/3 of these injuries are in
sports areas, most of them, in young and active people. The success of the reconstruction
depends on the election of the graft which will replace the ligament, but also is a matter of
choosing well the geometry, the materials and the diameter of the interference screw and the
tibia tunnel. At this moment, the surgeon replaces the ligament in a standard way, without big
distinctions between patients. This work will permit that every patient can be treated
individually with the optimization of their reconstruction based on the perfect graft in each
case of study.
For this purpose, the present investigation starts with a huge experimental procedure using
new test methodologies in order to describe properly the biomechanical behaviour of the joint
bone-plasty-screw in ACL reconstruction. In the case of the cortical bone, it will be
characterized using Small Punch Test (Quintana, 2017), a method used in small specimens,
very used in the mechanical characterization of ceramic materials and steel. Trabecular bone
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is different and the proper method considered analysing these specimens is the use of
compression tests. Same test is used to characterize the interference screw. The mechanical
response of the plasty is studied with tensile tests. For its part, the deformation is analysed
using digital image correlation techniques, which allow to measuring this parameter without
contact with the specimen. Experimental results allow defining the different behaviour laws
of the materials in ACL reconstruction. These results are necessary to define properly the
FEA model and thus, they will allow the validation of the initial results of geometry
optimization, the material of the interference screw or the tibia tunnel diameter suggested for
some authors in previous works (Peñuelas, 2016).
The fixation using interference screws nowadays are available with different types of screws
and materials (biocompatible and bioabsorbable) like PLA, PLLA+HA, PLGA, PCL, etc. or
metallic (titanium, stainless steel…). The biocompatible screws are better because they
provide reliable fixations of the tendon without damaging it and without producing toxic
particles.
MATERIALS AND METHODS
In the present work, fresh porcine tibiae and femurs were used, storing them at the sacrifice
moment. As plasty, porcine tendons of the flexor digitorum were chosen, storing at the
sacrifice moment as well. Tendons were selected with the most similar and homogeneous
diameter as possible, of approximately 4mm. In Figure 1, biological material used during the
investigation is shown. All this material was frozen at -22ºC and, then, defrosted for the
mechanical test. After the defrosting, the different samples were maintained wet until the
execution of the mechanical test with saline solution, and were stored in hermetically sealed
polyethylene bags.

Fig. 1 - Biological material

With purpose of obtaining the geometric models and the mechanical behaviour models
needed in the FEA analysis, the different materials were subjected to different test
methodologies.
In the case of cortical bone, and basing our analysis in the results obtained with similar
materials (Giddings, 2001), the Small Punch Test (SPT) was chosen to characterize the
mechanical behaviour of this part of the bone. This test, as described in (García, 2014), uses
small samples. These samples are subdued to the action of a metallic punch with semi
spherical head of 2.5mm diameter. This punch deforms the sample forcing them to go through
-458-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

a 4mm diameter hole. During the test, load-displacement values are registered. Then, the
material characteristic curve could be obtained. It is known that some materials, with similar
characteristics as cortical bone, have a quasi-linear elastic behaviour until the sample fracture.
The slope of this curve, Pend, divided by the sample thickness, t, could be associated with the
elastic modulus of the material by the expression (1):

E=

Pend
⋅ξ
t

(1)

where ξ is the characteristic constant of the material. In order to make these tests, little
samples of cortical bone were removed using a saw. Some samples are shown in Figure 2(a).
Figure 2(b) shows how the sample is placed in the lower device of the test-machine. Figure 3
shows the test, done at 0.2mm/min with the help of a specially designed device for this test,
and placed in an MTS static machine with a loading capacity of 5kN. The load-point
displacement is obtained with a COD extensometer placed in the device.

(a)

(b)

Fig. 2 - Cortical bone samples. SPT colocation

Fig. 3 - SPT device
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In the case of the trabecular bone, in order to obtain cylindrical samples in both longitudinal
and transverse direction, some bones were cut using a special saw, which avoided the samples
burned degradation, as Figure 4 shows. The miniature samples were cut using a cylinder
mechanized specifically for this purpose, with one side sharper than the other one. This
hollow object, with very low thickness, was made with a diameter of 11mm. The device
described was used to cut all the samples.

Fig. 4 - Tibiae samples (transverse cut)

With the aim of characterize this material, fresh trabecular bone samples, conveniently
measured, were subjected to compression tests (Figure 5). The value of speed chosen was
2.5mm/min using COD extensometer for measuring the deformation accurately.

Fig. 5 - Tibia during compression test

In relation to the tendons, they were characterized using uniaxial tensile tests with the same
machine mentioned before, but with different fastener devices, which allowed that pressure
increased with load. With the purpose of preventing relative displacements between tendon
and clamp, some adhesive drops were applied in contact zone between both elements.
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Considering that the main handicap testing soft biological tissues is the impossibility of have
accurate deformations, because it is not possible to use contact extensometers (soft tissue
experiments large deformations with little load), we decided to use Digital Image Correlation
(DIC) techniques. A photogrammetry device GOM model ARAMIS 5M was used. This
device allows the measure of surface deformations with no contact with the sample. This
equipment records high quality images of the surface analysed during the load application
process. Afterwards, these surfaces were evaluated and a three-dimensional digital model of
the object is made. Results reliability will depend on the calibration of the device, as well as
the choice of the best lens (according to the size of the evaluated zone). In this case, the lens
chosen was the ones with 50mm focal distance with a panel calibration type CQCCP20
30x24, which affords a measure zone of 35x29mm.
For the correct working of the equipment, it is necessary that the surfaces evaluated had some
reference points with high contrast between them and the surface of study. Thus, and
considering that the device records Grey Scale images, a spotted process was done over the
tendons with black matte acrylic paint. Figure 6 shows the aspect of the tendons before (a)
and after (b) the spotted process.

(a)

(b)

Fig. 6 - Tendon before and after spotted process

After this process, tensile tests were done with a speed of 20mm/min, considering the end of
the test when the tendon break happened. Figure 7, shows the experimental equipment used
during the tensile test.

Fig. 7 - Tensile test of the porcine tendon
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Interference screws were characterized dimensionally in order to develop the geometric
model, as shown in Figure 8.
(a)

(b)

Fig. 8 - Interference screw (a) 3D model; (b) real

Paying attention to the mechanical behavior, and noticing that there is no material apart from
the screws themselves, we realized that it was very difficult to pull out some samples from the
screw because of its complicated geometry. So the strategy to follow was to subdue the
complete screw under compression tests (Figure 9a) comparing the results obtained from the
mechanical test with the ones provided by the FEA model of the same test. The simulation
was done with Abaqus, using 2D models and considering both clamps as rigid solids.
Assuming the screw material behavior as linear elastic, the elastic modulus of the screw
material is estimated by the value where the numeric model has the best adjustment with the
load-displacement experimental curve.

(b)

(a)

Fig. 9 - Compression Test over the screw (a) Experimental; (b) Numeric

RESULTS
With SPT tests done over cortical bone samples (average thickness of 3.9mm), loaddisplacement curves were obtained as we can see in Figure 10.
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Load (N)

Punch displacement (mm)

Fig. 10 - Characteristic curve of porcine cortical bone

After the initial zone which corresponds to the indentation of the punch over the bone, the
cortical bone behavior is totally linear until its breaking. Figure 11 displays the real aspect of
one sample after the test, which shows a total brittle fracture.

Fig. 11 - Cortical bone sample after brittle fracture

Given the fact that coefficient ξ isn’t known for this material (as far as we know, this type of
mechanical test is being used for this material for the first time), in order to determine the
elastic modulus of the material, a FEA model which simulates the SPT test was done. This
FEA model was used successfully with ceramic materials (Quintana, 2017). Considering the
cortical bone as a material with linear-elastic behavior, the elastic modulus is calculated as the
value for which the numeric model better adjusts the load-displacement experimental curve.
This way, the elastic modulus in porcine tibiae tested was 25GPa, very similar to values found
in literature for human cortical bone (Dorogoy, 2017), 20GPa. This value was taken as
reference because of the similarities between mechanical characteristics in both species (AI
Pearce, 2007), and the little information found about porcine bone characteristics.
Compression tests were done over both transversely and longitudinally cut trabecular bone
samples. Figure 12 shows one sample under compression test.
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Fig. 12 - Trabecular porcine tibiae during compression test

The characteristic curves are shown in Figure 13. With these curves, mechanical parameters
will be obtained for defining this material. As one can observe, and coinciding with other
authors approaches (Burstein, 1975), the trabecular bone behavior could be considered as
elastic-perfectly plastic. Thus, the mechanical parameters needed will be the elastic modulus
(E) and the yield stress (Sy).

Fig. 13 - Strain-deformation curve of Transverse Tibiae

In Table 1, the results obtained from fresh tibiae transversely cut are shown.
Table 1 - Tibiae (transverse cut) compression tests
Test

t(mm)

d (mm)

E (MPa)

Sy (MPa)

c1

11.7

11

260.39

6.40

c2

11

11

364.95

6.78

c7

12

10.5x11

368.48

6.84

Average

331.27

6.68

Desvest.

61.41

0.24

It can be deduced that the longitudinal elastic modulus of the transverse porcine tibiae is
about 331MPa with a yield strength of 6.7MPa.
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In Table 2, data obtained from compression test over longitudinal cut tibiae is shown.
Table 2 - Tibiae (longitudinal cut) compression tests
Test

t (mm)

d (mm)

E (MPa)

Sy (MPa)

c4

10

11

124.07

2.8

c5

7

10

79.81

4.4

Average

101.94

3.6

Desvest.

31.29

1.13

With the results above showed, it can be deduced that the transverse elastic modulus of the
longitudinal cut porcine tibiae is approximately 102MPa.
Thus, it can be deduced, agreeing with other authors (Wirtz, 2000) that the trabecular bone (in
porcine specimens) has three times more elastic modulus in the longitudinal direction than in
the transverse direction (transverse and longitudinal cut respectively), so it is more rigid in
this direction. It is also different the yield stress value in one and other cut direction, being
this value more than the double in the longitudinal direction than in the transverse one. Hence,
it has to be noticed the strong anisotropy that presents this material, whose constitutive model
must be orthotropic.
In the case of the tendons, the results were extracted from tensile tests. Afterwards, the
mathematical model of the material behavior was done for specific soft biological tissues. In
order to understand this step, it is important to considerate hyper-elastic deformations in terms
of invariants with volumetric and deviatoric response, suggested by other authors (Flory,
1961; Simo, 1991; Weiss, 1996; Holzapfel, 2000; Peña, 2007). Basing the model in
bibliographic results and having into account the constitution of the tissue, tendons were
modelled as transversely isotropic and longitudinally anisotropic and hyper-elastic behavior.
That means, that the collagen fibers that compound these kind of tissues, are in one and
unique direction of the tendon, the longitudinal one. This is why the only stress different from
zero, and positive (tensile stress) will be the longitudinal stress.
The elastic constitutive laws are usually formulated using the strain energy density function,
principally because of the high deformations these kinds of materials experiment. This
function depends on the direction the family fibers have at the point X defined by the unit
vector m0 (Spencer, 1954). Considering that the movement of the fibers is the same as the
points that define the material like a continuous solid, the fibers elongation tensor, λm,
defined as the longitudes relation between deformed and reference configuration:
56

7 ∙ 97

(2)

Where m0 is the unit vector which defines the fibers direction in the deformed configuration
and C=FTF is the Cauchy-Green right tensor, writing F=dx/dX as the transformation
Jacobian matrix.
In order to characterize isothermal process (Peña, 2007), only one strain energy density
function is postulated. It only depends on the Cauchy-Green right tensor and the fibers
direction, m0.
 9, : ;<= >   9 , :
, 4

;<= >   1
(3)
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 depend on the scalar functions J, @ y M=m0 ⊗ m0. They describe the
Where φvol (J) y ?
 is the modified invariant of Cauchyisochoric response of the material (Holzapfel, 2000). BC
, the pseudo-invariant which characterize the fiber constitutive
Green right tensor and BD
response (Spencer, 1954).
There are different proposals to define the strain energy density function for hyper-elastic
materials (isotropic and anisotropic). With isotropic materials, we can find models which are
used in different types of biological tissue, for example, the skin (Mooney-Rivlin model).
However, all these models cannot reproduce exactly the tendons behavior, materials whose
behavior is based on their collagen fibers response.
Considering the fibril-type collagen tissues, that work under tensile conditions (they
experiment bending stress when they are under compression loads), and present anisotropy in
longitudinal direction (being transversely isotropic), another type of mathematical
formulations need to be used. Some formulations can be found inside Abaqus material library,
for example, Holzapfel proposal (Holzapfel, 2000). This author suggests a model for collagen
fiber materials whose characteristic factors depend on the fibers composition and the material
compressibility. However, Holzapfel model was created for Maxwell materials, with simple
linear viscoelasticity (series), while other authors (Sasaki,1996; Puxkandl, 2002; Vita, 2005)
defend that these type of tissues have a Kelvin-Voigt behavior (parallel viscoelasticity). Thus,
the Holzapfel model could be incomplete for these soft tissues. That is why a new optimal
model for this material has to be implemented.
Experimental procedure reveals that tendons are materials which have large deformations
with low loads. These tissues present a strong no-linearity (Figure 14). Therefore, the proper
formulation needs to be found in order to achieve the constitutive material model that better
adjust to these requirements, assuming that the tissue is incompressible or quasiincompressible (Odgen, 2001).
For this purpose, a modified Weiss’s model (Weiss, 1996) is done. The most proper analytical
expressions for tendon tissue were obtained. These expressions have been used by Calvo et al.
(Calvo, 2009) in previous works.
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The constants c10, c3, c4, c5, c6 y c7 are obtained by fitting experimental data of both tested
tendons (Figure14 and Figure 15) applying an error function minimization between
experimental stress and analytical stress.  e 
,-. are the minimum and maximum values
that define the tendon exponential curve.
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Table 3 - Tendon behavior model constants
Constants\Tendon

Tendon 1

Tendon 2

C10

7.87

7.98

C3

0.001

0.374

C4

77.39

19.24

C5

-

-

C6

-

-

C7

-

-

I40

1.0

1.0

I4ref

1.44

1.44

Fig. 14 - Characteristic curve tendon 1. Tensile test

Fig. 15 - Characteristic curve tendon 2. Tensile test
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With these values obtained, the material equations were programmed in Matlab® in order to
check if tendon data (Table 3) are proper with the formulation chosen to characterize the
analyzed material behavior. Since this verification is positive, and the FEA software does not
have a proper model to characterize this material, a new subroutine (uanisohyper_inv) was
programed in Fortran for Abaqus, having into account that this tendon only has a unique
fibers family.
Finally, the interference screw mechanical model was done from compression tests over the
screws, from which load-displacement curves were obtained (Figure 16). Comparing now the
initial slope in experimental curves with the ones obtained from the numerical model using
different values for the elastic modulus, this parameter can be determined like the one which
better fits the experimental and the numerical curve. In this case, the elastic modulus
postulated was 9.5GPa, very similar to the value proposed by other authors for this type of
mixture (PLA+HA) in the same proportions (Jianping, 2006).

Fig. 16 - Characteristic curve interference screw. Compression test

CONCLUSION
The main purpose of this work was the mechanical characterization of each component
involved in the ACL reconstruction.
First, using SPT tests, it was possible to characterize the cortical bone in the case of porcine
tibiae (biological material used in the study). The characteristic curve of the material was
obtained from these tests. This load-displacement data and the numerical model of the test
(used with ceramic materials) have allowed determining the elastic modulus of the cortical
bone, using the relation between the curve slope and the sample thickness.
With compression test, the elastic modulus and the yield strength values (considering that
trabecular bone has an orthotropic behavior) were obtained for the characterization of
trabecular bone (both transverse and longitudinal modulus) in the case of porcine tibiae, with
the values of E=100MPa and Sy=3.6MPa for the transverse tibiae and E=330MPa and
Sy=6.7MPa for the longitudinal ones.
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In the case of the tendons, the mechanical method chosen to characterize the material was
tensile tests. In order to measure the deformation, DIC techniques were used, which implies
that there is no contact between the equipment of deformation measure and the sample tested.
After experimental procedure, and using the anisotropic-hyperelastic theoretical model which
best represents this tissue behavior, the characteristics coefficients were obtained based on the
minimization of the error between experimental and numerical curve. Furthermore, the
material was programmed in a subroutine using Fortran language for Abaqus.
Finally, the interference screws were characterized by compression tests, numerically and
experimentally. Looking at the results obtained, it can be said that the behavior of the
interference screws is linear-elastic with an elastic modulus of 9.5GPa (taking the value which
best fits between numerical and experimental curves).
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ABSTRACT
Bone, like any other material, is subject to mechanical fatigue when subjected to repetitive
cyclic loading. Cyclic loading in vivo occurs either in workplaces exposed to mechanical
vibration or during handling operations or during leisure and sports activities. As an example,
the continuous exposure of the human body to intense global vibration can be, in the long run,
cause problems of lumbar lesions due to dynamic stresses (mainly compression) in the spine.
Bone and microcracks in cancellous bone. Fatigue rupture of vertebral bone is clinically and
biologically important. From a clinical point of view, permanent damage and deformity,
under cyclic loading, can probably weaken the vertebral body by inducing the migration of
joint replacements. The mechanism of fatigue damage in cortical and trabecular bone can
cause cracks and their propagation to final rupture. Microcracks observed in the vertebrae
contributed to the decrease in vertebral rupture strength. In order to analyze the biomechanical
behavior of the vertebrae and to assess the risk of fracture, an in vivo characterization method
is applied based on the micro-MRI, aiming to focus on the evaluation the force at rupture of
the vertebral body in compression. The method of extracting the shape of cancellous bone by
special filters (adaptive filter, Robert's filter, etc.) will be applied, allowing it to be modelled
as a slice (2D). This micro slice are created by edge configuration generation and triangulated
cube configuration generation in capturing section contour points from medical image per
slice, creating B-spline curve with the control points in each layer, producing solid model
construction in Planar Contours method. Medical rapid prototyping models are performed in
SolidWorks. Layered manufacturing techniques are used for producing parts of arbitrary
complexity, which will then be modelled by finite element in fatigue.
Keywords: biomechanics, in vivo characterization, fatigue, micro imaging.
INTRODUCTION
Bone is a metabolically active tissue; it is constantly renewed. It plays an important role in the
mechanical functions of support, locomotion and protection of vital organs. Osteoporosis is a
skeletal pathology characterized by a decrease in bone strength that increases the risk of
fracture (Éric Wagnac, 2011). Strength is mainly determined by bone density and bone
quality. Bone quality includes architecture, remodeling, microtrauma (micro cracks)
accumulation and mineralization (Bogduk, N., 2005). Medical imaging is also often used as a
complementary tool to experimental trials. By evaluating bone mineral density, imaging can
partially predict the risk of fracture in a non-invasive way (Anais Garo, 2010). 3D imaging
techniques, such as magnetic resonance imaging (MRI) or X-ray tomography (QCT), have
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gained in resolution and can be used to study bone microarchitecture in a non-invasive way
(Emilie Sapin, 2008). In addition, it is also possible to simulate biomechanical tests on threedimensional volumes taken from finite element analyzes to characterize vertebral behavior.
QCT techniques are also used to study the lumbar spine, hip or peripheral sites. The treatment
of the 3D images obtained allows a quantitative assessment of the bone structure, or even an
evaluation of the mechanical properties of the bone that allow us to go further than simple
densitometric deduction (Nicholas Vilayphiou, 2010).
In order to analyze the biomechanical behavior of the vertebrae and to evaluate the risk of
fracture, an in vivo characterization method is applied based on the micro-imaging type micro
CT or micro-MRI for purpose focused on the evaluation of the effort to rupture of the
vertebral body in compression.
Bone is a metabolically active tissue; it is constantly renewed. It plays an important role in the
mechanical functions of support, locomotion and protection of vital organs. Osteoporosis is a
skeletal pathology characterized by a decrease in bone strength that increases the risk of
fracture (Éric Wagnac, 2011). Strength is mainly determined by bone density and bone
quality. Bone quality includes architecture, remodeling, microtrauma (micro cracks)
accumulation and mineralization (Bogduk, N., 2005). Medical imaging is also often used as a
complementary tool to experimental trials. By evaluating bone mineral density, imaging can
partially predict the risk of fracture in a non-invasive way (Anais Garo, 2010). 3D imaging
techniques, such as magnetic resonance imaging (MRI) or X-ray tomography (QCT), have
gained in resolution and can be used to study bone microarchitecture in a non-invasive way
(Emilie Sapin, 2008). In addition, it is also possible to simulate biomechanical tests on threedimensional volumes taken from finite element analyzes to characterize vertebral behavior.
QCT techniques are also used to study the lumbar spine, hip or peripheral sites.
The treatment of the 3D images obtained allows a quantitative assessment of the bone
structure, or even an evaluation of the mechanical properties of the bone that allow us to go
further than simple densitometric deduction (Nicholas Vilayphiou, 2010). In order to analyze
the biomechanical behavior of the vertebrae and to evaluate the risk of fracture, an in vivo
characterization method is applied based on the micro-imaging type micro CT or micro-MRI
for purpose focused on the evaluation of the effort to rupture of the vertebral body in
compression.
RESULTS AND CONCLUSIONS
Biomechanical Characterization in Fatigue by Medical Micro-Imaging
Contour detection is a fundamental operation in image processing because it is the basis of
pattern recognition. Its interest in image segmentation no longer needs to be demonstrated.
There are as many contour detection operators as there are Definitions (or models) of contours
will also be called "contour" the set of contiguous places or the norm of the two-dimensional
spatial gradient is important.
The operators we have studied are based on the local evaluation of the gradient in given
directions (Sobel, Prewitt, Roberts) or omnidirectional (morphological gradient).
In view of a judicious choice of operator, our study focuses on the application of the best
differential local operators (Roberts, Prewitt, Sobel) and the morphological gradient in terms
of thickness, contour location and noise resistance. We illustrate the results obtained by the
HRpQCT technique (Figure 1).
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Fig. 1 - R.o.i of the vertebra

The operators of Sobel and Prewitt make it possible to locally estimate the norm of the twodimensional spatial gradient of a gray-scale image. They amplify the regions of strong local
variations of intensity corresponding to the contours (LEONARD DE VINCI, 2013). Robert's
gradient consists of two stages. In a first step, the two convolution filters are applied to the
image. The first of these filters makes it possible to detect the contours having a direction
going from the upper corner of the image to the lower right corner (or vice versa) than the
second filter makes it possible to detect contours having a direction going from the lower left
corner of the image in the upper right corner (or the opposite). We thus obtain two images, it
is then enough to merge the two images by using a standard calculus. Robert's filters are a
discrete approach of the derivative one of a function the gradient of this function (Figure 2).
Segmentation in
Filtering,
Spline curve
thresholding
and
binarization
of the image

3D layer
modeling

Mesh

Results of the Von
Misses stress (N /
mm2)

Results of the
resulting
displacement
(mm)

Results of the
deformation

Fig. 2 - General Bio modeling Process Path for Characterization of the vertebra

FATIGUE STUDY
In the general case, there are several damage events, which differ from one another by the
magnitude of the stresses undergone and by other parameters. Miner has proposed two
principles that allow for cumulative damage.
The damage caused by an occurrence of an event is measured by the inverse 1/N of the
number N of times that this event must be repeated to bring the part of the new state to failure.
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The damage caused by a succession of events is the sum of the damages caused by each of
them.
Note that these two principles are coherent. If we suppose that the same event always causes
the same damage and if we impose as damage unit the damage that leads the system to failure
then the first principle is a consequence of the second.
If 1/N is the damage of event A and if nA is the number of occurrences of this event during a
test or use of the system then the total damage D caused by all events A, relatively to a
failure, is defined by the Miner equation: D = nA / NA.
The interaction analysis shows that the number of fatigue cycles before failure decreases, as
expected, when the applied stress σapp is higher. This effect is all the more significant as the
bone density D is low and the age A is high. It is noted that for a low stress, of the order of
20% of the ultimate stress of the vertebrae, the age A and density D factors have a negligible
effect (not significant effect) on the life span N of the lumbar spine.
A cyclic force with an amplitude of 50 N is applied to generate fatigue damage for 200
Iterations (days), (Figure 3); under these conditions, the local deformation exceeds 3500 µε in
some elements.

Fig. 3 - Contour of the simulated fatigue damage (cycles = 1.e +10).

CONCLUSIONS
The aim of this work was to contribute to the improvement of knowledge on the mechanical,
structural and tissue properties of the vertebral bone. Clinically, bone imaging modalities are
now effective in diagnosing and following most bone pathologies in adults. As far as the field
of research is concerned, numerical simulation now makes it possible to validate and
understand many experimental tests.
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The second part of this work was dedicated the correlations obtained between some
architectural parameters measured on HRpQCT images and the bone resistance suggest a
lower resolution; the sampling rate of the HRpQCT images being 78 µm provides sufficiently
precise information on the trabecular network architecture
Finally, the study of trabecular tissue characteristics should relate the information provided by
microradiography and / or very high resolution tomography (2 µm) techniques (visualization
and understanding of the appearance of micro-cracks in the structure bone), and its
mechanical properties, essential for understanding and simulating the load behavior of healthy
or pathological vertebral bone. The long-term goal is to be able to predict fracture risks as
accurately as possible without the need for mechanical testing and without the use, as far as
possible, of invasive traumatic techniques (biopsies).
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ABSTRACT
The compressive test on drilled concrete cores is the most reliable method to determine the
concrete strength of existing structure. This paper reports on a recent laboratory investigation
devoted to the effect of maximum aggregate size and core diameter on the estimation of the
characteristic strength of current concrete (C25/30 class). The compressive strength of
concrete cores with different diameters (ɸ = 100 mm, 75 mm and 50 mm) and with a
slenderness ratio of 2 is determined. These lateral and longitudinal core dimensions
(respectively ɸ and h) are the most used in building sites in order to check hardened concrete
strength. Concrete mixtures are prepared with different maximum aggregate sizes (Dmax= 4
mm, 8 mm, 16 mm and 25 mm). The cores tested are extracted from massive blocks of these
concrete formulations.
The results show the increase of the compressive strength of cores as the diameter is
increased. The strength values of the concrete cores with diameter ɸ = 100 mm and 75 mm
are greater than 80 % of the characteristic strength of the tested concrete. However, the
resistance values of the cores drilled with the smallest diameter ɸ = 50 mm are largely
dispersed. The evolution of the core strength values as a function of maximum aggregate size
shows an irregular enhancement as the aggregate size is increased. In addition, the result
dispersions represented by the coefficient of variation diminishes substantially as the core
diameter is increased. Correlation formulae between core diameters and concrete
characteristic strengths are also pointed out.
Keywords: Concrete core, compressive strength, size effect.
INTRODUCTION
In civil engineering, the concrete quality control is mainly based on the assessment of the
concrete compressive strength. The most common technique to estimate the compressive
strength of concrete in existing structures is the destructive test of the drilled core (Bartlett,
1994). The dimension of the core should be small as possible in order to limit the weakening
of the structure (Tuncan, 2008). Generally, the American and European standard recommends
the use of 100 mm x 200 mm core dimensions. Nevertheless, drilling cores when the
slenderness ratio of the specimens is fixed to 2 is conditioned by the thickness of the building
elements and the reinforcing steel density. However, attempts to use a drilled core with
diameter less than 100 mm faces the complex correlation problem of their resistance to the
characteristic strength of the concrete, which is still under investigation (Jiahai, 2015). Indeed,
the core strength depends on numerous parameters such as slenderness ratio (h/ ɸ), diameter,
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coring direction and moisture condition at the testing time (ACI, 2014). Moreover, some
disturbing factors resulting from the operation of extraction should be considered (Uva,
2013). For instance, the h/ɸ ratio of the specimen is more effective for small diameter cores,
whereas the core size has negligible effect on their strength (Nikbin, 2009). However, from
their investigation, the coefficient of variation of strength values for 50 mm diameters cores is
noticed to be somewhat higher. This conclusion is corroborated by (Khoury, 2014), in their
study, where a strength reduction up to 17 % is recorded for cores with diameter less than 100
mm. Similarly, a compressive strength reduction of about 7 % for cores with 100 mm
diameter and 200 mm height when compared to that of the standard ones (150 mm x 300 mm)
is reported by (Carrasquillo,1988), who highlighted also that the influence of aggregate size
regarding the core diameter is more critical for small cores. Furthermore, the small cores are
found to be more susceptible to damage during drilling as pointed out by (Bartlett, 1994).
Indeed, the homogeneity of the materials is reduced and affects drastically the internal failure
characteristics (Bungey, 1979).
In this contribution, an experimental study of the effects of core diameter and aggregate size
on compressive strength of drilled concrete cores is presented. This study only deals with
axial compression of cores with diameters ranging from 50 mm to 100 mm and a slenderness
ratio of 2 with four current (C25/30) concrete formulations, using different maximal
aggregate sizes.
MATERIALS AND TESTING PROGRAM
Concrete mixture
In this study, an ordinary Portland cement (CEM II/A 42.5) was used in the concrete
formulations. The cement specific surface and gravity are respectively 4000 cm2/g and 3.15.
Local sand of 0/4 mm was used as fine aggregate. The fineness modulus and the proportion of
fines are respectively 3.8 and 5.2 %. These properties were determined throughout the test
procedure described in NA 2607 standard.
Three different types of crushed gravel were selected as coarse aggregates. The maximum
aggregate sizes Dmax are 8, 16 and 25 mm with respective flattening coefficients of 19.1, 18.5
and 16.7 %. The resistance to fragmentation determined according to NA 5130 standard
(2009) and represented by the Los Angeles coefficient is around 24. The proportions of fines
and coarse aggregates are listed in Table 1.
Table 1 - Fines proportions of the coarse aggregates
Size of gravels (mm)

Fines (%) ≤ 0.063 mm

4/8

0.9

8/16

0.7

16/25

0.2

Concrete preparation
The concrete mixture proportions of the massive blocks are summarized in Table 2. The
standard C25/30 concrete class with a slump in the range of 50 mm to 90 mm (consistency
class S2) was prepared. The concrete was casted in mould and left for cure age of 28 days.
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Table 2 - C25/30 concrete mixture proportions
Dmax (mm)

Water/Cement

Sand/Aggregate
(%)

Water
(l/m3)

Cement

Sand

Gravel

(kg/m3)

(kg/m3)

(kg/m3)

4

0.605

-

244

403

1672

-

8

0.59

56

226

382

977

754

16

0.57

47

204

357

862

978

25

0.614

44

194

316

776

1003

Cores drilling and testing program
The cores were extracted from massive blocks by using a diamond tipped drilling machine.
The drilling direction is perpendicular to the casting axis as shown in Figure 1. The
dimensions of the different concrete massive blocks and the number of extracted cores for
each one are detailed in Table 3. The extracted cores are left 48 hours at the ambient
temperature (T=22 ÷ 25°C) before testing.

Casting direction

Concrete massive
blocks

Cores
Drilling direction
Fig. 1 - Massive concrete block and coring direction

The compression test concerns the drilled cores with three different diameters: ɸ = 50 mm, 75
mm and 100 mm and the slenderness ratio is set to2. The number of samples is limited to 9
for each diameter and for the different concrete formulations.
Table 3 - Dimensions of the blocks
Block dimensions

Core diameter

(mm)

Number of
the blocks

∅(mm)

Number of
cores/block

880 x 600 x 350

12

100

27

800 × 550 × 275

12

75

27

850 × 350 × 200

12

50

27

-481-

Topic-I: Civil and Structural Engineering Applications

The uniaxial compressive load is applied by using a 3000 kN capacity machine (Figure 2)
with a loading rate of 0.2 MPa/s. The cores are sulphur-capped in order to eliminate the
fretting between the samples and the loading plates.

Fig. 2 - Uniaxial loading machine

Data processing
The measurements and experimental data are treated statistically. Because of the variability in
the concrete material preparation, the errors in the measurement or during the test should be
highly reduced. Hence, the data processing method consists on the detection and the
elimination of the aberrant values (outliers). The combined Grubbs-Dixon and Teitjen-Moore
criteria are applied in accordance to ASTM E178-16. For this experimental investigation, the
significance level is fixed to 5 %.
RESULTS
Effect of core diameter
In this section, the strength values of the uniaxial loading in compression of the cores versus
their diameter are presented and discussed. The results show globally a linear increase of the
compressive strength of the concrete cores as the diameter is increased (Figure 3). As can be
seen in the figure, for the various coarse aggregate sizes, the core strength approaches
gradually the current concrete characteristic strength as the diameter is increased.
C 2 5 /3 0
40
D 25
D 16
D8
D4

Compressive strength (MPa)

35

30

25

20

15

10

5

0
40

50

60

70

80

90

100

C o re d ia m e te r (m m )

Fig. 3 - Compressive strength as function of drilled core diameters
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Core strengths reported to the characteristic ones of the different tested concrete mixtures are
given in Table 4. These ratios are varying between 0.6 and 0.99 for the different tested cores.
The highest ratio is observed for the 100 mm core diameter. The smallest and the most
dispersed ratios are recorded for 50 mm diameter. In addition, this ratio does not exceed 1
(between 0.74 and 0.99) for 100 mm core diameter, in contradiction with the conclusion
found out by (Yip, 1988) in their experiment, where this ratio varies from 0.63 to 1.53.

Table 4 - Regression analysis results

 ø 
 ø 

 ø 
 ø 

 ø 
 ø 

4

0.74

0.68

0.60

σf(ø) = 0.09 ø + 14.07

0.99

8

0.84

0.72

0.73

σf(ø) = 0.06 ø + 18.46

0.68

16

0.85

0.64

0.55

σf(ø) = 0.16 ø + 6.33

0.94

25

0.99

0.93

0.83

σf(ø) = 0.1 ø + 20.99

Maximum
aggregate size
Dmax(mm)

Correlation laws

CoD
(R2)

0.98

Thus, when compared to the characteristic strength of a standard dimension sample (ɸ 150),
the mean core strength of the set with a diameter of 100 mm is reduced with a maximum
percentage of 25 %. This reduction becomes more important as the core diameter is
diminished and can reach up to 40 % for the smallest ones. A low strength reduction for 75
mm and 50 mm core diameters and significantly higher for a 38 mm core diameter were also
stated by Khoury, 2014.
Relationships between the experimentally obtained compressive strength of cores and their
diameters are obtained by regression analysis, Table 4. Globally, the core strengths are
linearly correlated to their diameters, with high coefficient of determination CoD (R2) values
varying within 0.99 and 0.68.

Effect of maximum aggregate sizes
The evolution of the core strength values as a function of maximum aggregate size is depicted
in Figure 4. As shown by the figure, the core strength is lightly affected by the maximum
aggregate sizes. The core compressive strength is globally increased as the maximum
aggregate size increases. The highest compressive strength of cores is recorded for Dmax = 25
mm. The increase is less marked for Dmax = 16 mm. This evolution trend of core compressive
strength could be related to the aggregate skeleton resistance, becoming more compact by
adding progressively coarse aggregates. This strength enhancement conferred by rigid
aggregate could be in competition with weakening induced by drilling operations. The effect
is more apparent for 50 mm diameter cores. For instance, the difference between the strength
of cores extracted from the massive blocks prepared with 25 mm and 16 mm maximum
aggregate size is around 42 % with a downward trend, whereas this reduction is limited to 25
% for a 100 mm core diameter.
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Compressive strength (MPa)
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Fig. 4 - Influence of the maximum aggregate size on core compressive strength

The evolution of the coefficient of variation (CoV) of core compressive strengths as function
of maximal aggregate size is shown by the histogram below (Figure 5). The CoV of the
compressive strength decreases clearly when coarse aggregate are added. The core strength
values become stable by increasing the aggregate sizes and enhancing by the way the material
density.
25
50 m m
75 m m

Coefficient of variation (%)

20

100 m m

15

10

5

0
8

16

25

Coarse aggregate size (m m )

Fig. 5 - Coefficient of variation of the core compressive strengthas function of maximum aggregate size

CONCLUSION
The influence of aggregate size and core diameter on the estimation of compressive strength
of current concrete (C25/30 class) is experimentally studied. From this investigation, the
following conclusions can be drawn:
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- The compressive strength of cores generally increases with an increase of their
diameters.
- The core strength maximal reduction in comparison to those of moulded standard
dimension samples is about 25 % for 100 mm and 75 mm diameter and reach up to 40
% for 50 mm diameter.
- The dispersion of the core compressive strength values affects mostly the small
diameter (50 mm). This dispersion decreases as the diameter becomes larger.
- The core strength is slightly enhanced by using coarse aggregate. This strength increase
seems to be conferred by the denser aggregate skeleton.
- Core strength is found linearly correlated to the studied diameters.
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ABSTRACT
The use of compacted stabilized earth blocks (CSEB) in load bearing masonry is largely
developed during the last decades. This paper reports on an experimental study of the
chemical and mechanical stabilization effects on the compressive strength of earth blocks and
triplet/walls. The blocks prepared with a high sandy soil mixed with rising cement and/or lime
contents and compacted at 7 MPa, are tested in uniaxial compression. The triplet and walls
built with these CSEB units were joined with a cement/earth mortar. Static uniaxial
compression tests have been performed on samples of small triplets/walls made of CSEB. The
results show that the compressive strength values of earth blocks treated with stabilisers were
generally increased by rising the additive content. The increase of earth/cement blocks
resistances was found more marked in comparison with those of earth/lime. It was also
observed that the blocks prepared with an optimal content of lime along with cement have led
to continuous increases of mechanical strength up to values greater than 5MPa. The
relationship between the blocks and triplets compressive strengths as function of stabilizer
content (cement/lime) is linear. In the range of cement content from 6 to 8 %, the compressive
strength of triplets are respectively 16 %and 20 % higher than those of walls.
Keywords: earth blocks, stabilization, compaction, masonry.
INTRODUCTION
Earth construction is considered as the widespread solution for residential housing in a large
rural area around the world, due to locally available materials and relatively simple
construction methods. However, a rapid deterioration of the materials under harsh weather
conditions is pointed out as the main drawback. To overcome this disadvantage, the physical
and hydro-mechanical properties of the wall unit or block should be improved. The
enhancement of these properties is generally performed by three possible ways: mechanical,
physical or chemical stabilization (Bui 2008, Bahar2004). The mechanical stabilization
consists on applying a compacting stress to reduce the surface porosity of the blocks and
consequently enhance their resistance, whereas the chemical stabilization is based on mixing
binders with earth. Generally, the cement and/or lime are the most used stabilizers in earth
constructions. The amount and the type of binders depend on the soils characteristics and
economical consideration. For instance, in aim to avoid the block friability, it is recommended
to use more than 5 % of cement (Walker, 1995). As reported by Vankatarama (2005) injecting
6 %, 8 % and 12 % of cement influences significantly the compressive strength, the stressstrain and the elastic properties of the cured earth block. The stabilization by lime could also
improve the mechanical and hydrous properties of CSEB as demonstrated by Guettala,
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(2006). More adapted for clayey soil, the lime impart a long-term strength gain to earth blocks
(Bell, 1990; Herrier, 2012). The use of the lime and cement has been also studied by
Burroughs (2006)in order to overcome the problem resulting from drying shrinkage.
Furthermore, Nagarej (2014) pointed out the mutual benefits of admixture of cement and lime
in imparting strength to the blocks.
The utilization of compressed and stabilized earth blocks (CSEB) in load bearing masonry
poses naturally a scale-transition problem from blocks to wall in the assessment of the
mechanical properties. It is worthwhile to notice thatthe relationships between the
compressive strength of blocks, triplets and walls are not sufficiently studied. From the
literature, the triplet resistance in compression represents 50 % to 95 % of earth block
compressive strength (P'kla, 2002). This fluctuation depends on the type and amount of the
stabilizers, the compacting energy of the blocks and the presence or not of a vertical joint in
the triplet. The influence of mortar used for joint is important for wall construction. Under
compression, the wall and earth block mechanical behaviors nearly similar as reported by
Zine-Eddine (2000). Furthermore, the behavior of the CSEB walls and the conventional
masonry notably their failure mode is similar (Walker, 1999). The compression modulus of
the walls represents 1/3 of earth blocks ones, whereas their difference between the cracking
and nominal failure loads approaches 30 % as pointed out by Olivier (1994). A plastic field in
the constitutive law of the unstabilized walls under uniaxial compressive loading is not
observed.
In the present study, the influence of mechanical and chemical earth stabilization on the
compressive strength of block is investigated. Effects of binders such as cement, lime and
cement/lime mixes used to impart strength gain to CSEB are studied. The paper treats the
relationship between the compressive strength of triplet and wall and that of their constitutive
blocks.
MATERIALS AND PREPARATION
Soil Composition
The soil used in this study was sourced from an area located in the coastal Algiers region
(Souidania). The earth blocks were prepared by using a high sandy soil as revealed by the
mineralogical compositions listed in Table 1. The mineral characteristic is typical of
homogenous earth composing, with a significant presence of quartz, whereas the clayey phase
is represented by Illite and Kaolin. The soil contains 14 % of clay, so within the range
recommended by (Houben, 1984 and CNERIB recommendations, 1994).
Table 1 - Mineralogical composition of soil
Minerals:

Mineralogical composition (%)

Quartz

74

Kaolinite

10

Illite

04.50

Calcite

02

Albite

02

Feldsparths

03

Ferruginous minerals + background RX
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Soil preparation and stabilization
Before mixing, the excavated soil was immediately dried on exposure to sun, then crushed
and finally passed through a 5 mm sieve to eliminate the large lumps. According to Houben
(1984), the small elements of clay must be dissociated in order to avoid nodules, which affect
considerably the block resistance. A static compactive method was used to select the optimum
moisture content in accordance with NF P94-093 standard and local recommendations
CNERIB (1993). This method provides a maximal dry density to the CSEB specimen.
Ordinary Portland cement type CEM II 32.5 and ordinary commercial lime is used to stabilize
chemically the compressed earth blocks. The cement is well accommodated with low clayey
and plastic soils as reported in (CNERIB, 1994). In addition, lime and mixes of cement/lime
are also tested. The additives contents and compactive efforts studied are summarized in
Table 2.
Table 2 - Mixtures and compactive efforts

Compactive effort
(MPa)

2, 5, 7

0

Cement

Lime

Percentage (%)

Percentage (%)

2

4

6

8

0

5

Cement and Lime

8

Percentage of

Percentage of

Cement (%)

Lime (%)

5

3

5

5

5

8

Blocks, triplets and walls preparation and testing
The different mixtures are vertically compressed by using a hydraulic machine under three
different compactive efforts (2, 5 and 7 MPa). The CSEB dimensions are 29.5 cm of length
(l), 14 cm of width (w) and 9 cm of height (h), Figure 3(a). After being demolded, the
compacted mixture was left in air laboratory until the age of testing. The required time for
curing are28 and 90 days respectively for CSEB/cement and CSEB/lime blocks (Rigassi,
1995; CNERIB, 1994).
The triplets are composed of three CSEB units (45 cm in height). For this study, only
horizontal joints were considered as shown in Figure 3(b). The mortar is an admixture of earth
with 12 % of cement. The tested walls were prepared by using four blocks in elevation and
two blocks in width, joined horizontally and vertically with a mortar (1.2 cm thick), Figure
3(c). The dimensions of the walls are 80 cm x 60 cm x 9 cm. The blocks were partially
saturated by soaking them in water for a period of (30 s) prior to casting of the masonry walls.
The period of cure is fixed to 28 days.
The compression tests on blocks and triplets was carried out using a hydraulic press with
1000 kN capacity. The test was run at a constant displacement rate of 0.02 mm/s. The
imposed displacement to the bottom platen and the associated load are automatically
recorded. Walls were tested in a compression testing machine having a constant displacement
rate of 1.25 mm/min and a 2000 kN capacity.
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(a)

(b)

(c)

Fig. 3 - Fabrication earth blocks masonry walls, (a) CSEB, (b) triplets, (c) wall.

RESULTS AND DISCUSSION
Compressive strength of CSEB
Table 3 shows the result of the blocks resistance values versus additive contents. Generally,
the compressive strength of the blocks increases with the increase of the stabilizer content.
Furthermore, the evolution of the compressive strength values of the CSEB/cement blocks is
more marked than the CSEB/lime ones. Indeed, for the same additive content, the imparted
gain by using cement exceeds 4 times the unstabilized earth blocks resistance, whereas this
ratio is less than to 2 for earth/lime blocks. These findings are in accordance with the previous
works, for instance (Burroughs, 2006, Nagarej, 2014). Moreover, the combination of cement
and lime enhances the block resistance. In particular, adding 8 % of lime instead of 5 % (with
5 % of cement) imparts to the block a resistance gain of 2.4 MPa with the highest compaction
level.
As set out in literature, an ascending trend of the compressive strength as the compacting
energy increases is highlighted. This influence becomes more important as the stabilizer
amount is increased. However, this gain in the compressive strength did not emerge from the
CSEB/lime blocks. The values of the compressive strength of these blocks in dry state are still
less than those indicated in the standard recommendation (Lunt, 1980 or CNERIB, 1993),
respectively 6 and 5 MPa. The results show also a convergence between the evolutions of the
compressive strength of cement and cement/lime admixture, where the block resistance value
reaches 8 MPa. Guettala (2006) obtained similar results when using 8 % of cement content,
which is considered as a good quality/price ratio for earth blocks.
Table 3 - Results of the CSEB compressive strength
Cement (c)
Compaction
(MPa)
2
5
7

Lime (l)

0%

2%

4%

6%

8%

5%

8%

5% c +5 % l

5 %c +8 % l

0.6
1.8
1.90

1.50
1.9
2.11

2.65
3.8
4.44

3.70
6.26
7.38

4.18
7.17
8.13

1.25
2.15
2.66

2.32
3.2
3.50

3.85
5.1
5.70

3.70
5.4
8.10

Figure 4 shows the strain-stress curves of the CSEB for the different stabilizers. The
continuous compression is applied along the block width direction. The shape of the curve in
compression is parabolic as pointed out by (Hakimi, 1999 and P'kla, 2002). The strain-stress
curves could be divided into two parts: the pre-compression stage and the real-compression
stage. The lower level of strain at strength peak is around 0.4 %. Stress-strain curves usually
showed a yield point where the blocks start to slide gradually until friction set in. The blocks
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exhibited a brittle failure in a short time after reaching their maximum compressive stress.
The ultimate vertical strain is varying between 0.4 % and 0.5 % and usually exhibits an abrupt
failure. However, the blocks treated with cement (6 and 8 %) have residual strengths and
more deformation capability.
The elastic modulus increases by 1.72 times when the cement content is increased from 6% to
8 %. This ratio is still under the enhancement level of the elastic modulus reported by
Venkatarama et al. (2005). In their study, by rising the cement content from 6 to 8 %, the
elastic modulus of the earth block is multiplied by 2.5. In the mixed composition, a ratio of
1.4 is obtained when rising the lime content from 5 % to 8 %. However, for the blocks treated
only with lime, no increase in modulus of elasticity is observed (Figure 4c).
8
8 % cement

Compressive Stress (MPa)

7

6 % cement
Unstabilized block

6
5
4
3
2
1
0
0

0,1

0,2

0,3

0,4

0,5

0,6

Strain (%)

(a)
8

8 % lime + 5 % cement
5 % lime + 5 % cement
Unstabilized block

Compressive Stress (MPa)

7

6

5

4

3

2

1

0
0

0,1

0,2

0,3

0,4

0,5

Strain (%)

(b)

Compressive stress (MPa)

6
8 % lime
5 % lime
Unstabilized blocks

5

4

3

2

1

0

0

0,1

0,2

0,3

0,4

0,5

0,6

Strain (%)

(c)
Fig. 4 - Stress-strain relationship of the tested CSEB, (a) stabilized with cement,
(b) cement+lime, (c) lime
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Compressive strength characteristics of triplets
In this section, the results of uniaxial compression test on triplets are presented. The failure
mode showed in Figure 5 is usually observed for triplets subjected to compressive loads. The
first damages of the triplets appear at the joints, which are gradually crushed under the
compression force. Subsequently, vertical cracks with progressive openings affect the middle
block along its entire length. At the onset of the failure, these vertical cracks are less than 2
mm in width. Furthermore and as presented in Figure 5, the diagonal cracks also appear
around the edges of the sample. This result corroborates with the findings of (Ben Ayed,
2015), who observed in their experimentation a stress concentration between the clearance of
the two and the three stacked blocks. Afterwards, the compression zones formed at the top
corners broke off and the block was gradually dislocated until total collapse.

Fig. 5 - Typical failure mode of triplet compression test with CEB stabilized with 6 % cement.

Figure 6 shows the CSEB/triplets compressive strength values as function of stabilizer content
(cement for Figure 6a and cement/ lime for Figure 6b), under a compactive effort of 7 MPa.
The results show that the triplet resistance is systematically enhanced as the binder content is
increased. Thus, rising the cement content in the CSEB from 4 % to 8 % confers to the triplet
resistance an enhancement of around 58 %. In addition, as the cement content exceeds 4 %,
the resistance discrepancy of the CSEB and the triplet is reduced. As depicted on Figure 6-a,
the resistance of the triplet represents 86 % of that of their (at 6 %) cement stabilized blocks,
and this triplet resistance drops to only 30 % for unstabilized constitutive blocks. The same
evolution trend is observed for blocks stabilized with mixed additives. Concerning the other
type of stabilizers, and as illustrated on Figure 6-b, rising the lime content in the CSEB from
5 % to 8 % (with 5 % of cement) induces an enhancement about 17 % of the triplet resistance.
However, the increase of the lime content (from 5 % to 8 %) leads to a significant gap
between the CSEB and the triplet resistances. For example, at 5 % and 8 % of lime content,
this difference reaches respectively 0.6 MPa and 2.1 MPa.
A linear correlation between the compressive strength of the blocks and triplets is highlighted,
Figure 7. This relationship is derived only from experimental data of triplets prepared with
cement stabilized blocks (at 2, 4, 6 and 8 % content) under a compactive effort of 7 MPa. The
strength relationship between block/triplet is strongly linear over the entire experimental
range (regression coefficient: 0.90).
-492-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

10

10
CSEB with 5 % cement
Triplets (CSEB with 5 % cement)

CSEB
Triplets

8

Compressive Strength (MPa)

Compressive Strength (MPa)

8

6

4

6

4

2

2

0

0
0

2

4
Cement (%)

6

8

10

0

2

4

6

8

10

Lime (%)

(a)

(b)

Fig. 6 - Influence of stabilizer contenton block and tripletcompressive strength.
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Fig. 7 - Compressive strength of triplets as function of compressive strength CEB stabilized with cement

Mechanical behavior of walls
It is known that the strength of the CSEB walls depends on many parameters, such as
masonry units/blocks geometry, the strength of the mortar, joint arrangement and even from
the workmanship. The experimental setup used for the determination of the compressive
strength of walls is shown in Figure 8. After covering the top with a hard mortar (earth
cement admixture) in order to reduce the impact of fretting between the walls and the loading
plates, a stiff steel beam is placed on top of the walls to uniformly distribute the vertical load
of the actuator (planeness defect).
The compressive strength values are about 3.15 MPa and 4 MPa for walls built respectively
with CSEB at 6 % and 8 % cement content. The results show that the compressive strength
values of walls represent 49 % to 59 % of the triplet resistances. Thus, the smaller the size of
the masonry the stronger and stiffer is its behavior. Cracking are the most current type of
damage observed on earth blocks masonry structures.
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(a)
(b)
Fig. 8 - Compressive strength test on walls, (a) CSEB 6 % cement, (b) CSEB 8%cement.

The damages can be localized onto the masonry unit, in a mortar joint as well as at the
interface between masonry unit and mortar joint. An example of the failure patterns of the
walls is illustrated in Figure 9. The mode of failure (trough vertical cracking) is typical for
walls subjected to compressive loads. The crack can be either perpendicular through head and
bed joints or pass through units and head joints in the CSEB walls. This type of failure
implies continuous cracks through blocks units and head joints. Afterwards, at the peak load
the splitting of the blocks is observed. This experimental statement is in accordance with the
failure mode reported by Miccoli (2015), who observed also that the stress-strain curve of the
wallet tested exhibits a short phase of post-peak strain softening, due to its brittle behaviour
under uniaxial load.

Damage area

(a)

Damage area

(b)

Fig. 9 - Typical failure mode of mortar bound CSEB masonry walls under uniaxial
compression stabilized with: (a) 6%, (b) 8% of cement.
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CONCLUSION
This paper presents a set of experimental results obtained in a recent investigation on the
improvement of the mechanical characteristics of earth wall units by compaction and
chemical stabilization, by using different contents of cement and/or lime. The evolution of the
compressive strength values of blocks, triplets and walls are discussed. The main conclusions
that can be drawn from this study may be summarised as follows:
- the block resistance is globally enhanced by increasing the stabilizer content
- the impact of the compactive effort is more significant for earth blocks stabilised with
cement than for lime mixes
- the stabilization by mixing cement and lime also imparts a non-negligible strength gain
to the CSEB
- the elastic modulus increases by 1.72 times when the cement content is increased from 6
% to 8 %. Whereas, for the mixed composition of earth blocks, a strength ratio of 1.4 is
obtained when rising the lime content from 5 % to 8 %.
- the compressive strength values of triplets represent respectively 87 % and 82 % of their
constitutive blocks stabilized at 6 % and 8 %cement content respectively, whereas they
diminish to 42 % and 49 % for the walls.
Further experimental work research is required to confirm the obtained qualitative results by
testing various blocks (triplets, wall) sizes and materials.
REFERENCES
[1] AFNOR. Sols: reconnaissance et essais-Détermination des références de compactage d'un
matériau-Essai Proctor normal-Essai Proctor modifié. NF P 94-93, Octobre 2014.
[2] Bahar.R, M. Benazzoug and S. Kenai, Performance of compacted cement-stabilised soil,
Cement Concrete Composites,2004, 26, pp. 811-820.
[3] Bell, F.G., Coulthard, J.M. Stabilization of glacial deposits of the Middlesbrough area
with cementitious material. In: Price, D.G. (Ed.), Proc. 6th Intl. Congress, International
Association of Eng. Geology, Amsterdam, Rotterdam, 1990, 3, pp. 797-807.
[4] Ben Ayed H, Limam O, Aidi M, Jelidi A. Experimental and numerical study of
interlocking stabilized earth blocks mechanical behavior. Journal of Building Engineering,
2016, 30069-9.
[5] Bui Q. B, Stabilité des structures en pisé, durabilité, caractéristiques mécaniques. PhD
thesis, MEGA, Lyon 2008. France.
[6] Burroughs, S. Strength of compacted earth: linking soil proprieties to stabilizers. Building
research and information, 2006, 34(1), pp. 55-65.
[7] CNERIB, Guide technique du béton de terre stabilisée, CNERIB, Ministry of Housing,
Algiers, Algeria, 1994, p. 55.
[8] CNERIB, Recommandations pour la production et mise en œuvre du béton de terre
stabilisée, CNERIB, Ministry of Housing, Algiers, Algeria, 1993, p. 33.

-495-

Topic-I: Civil and Structural Engineering Applications

[9] Guettala.A, A. Abibsi and H. Houari, Durability study of stabilized earth concrete under
both laboratory and climatic conditions exposure, Construction and Building Materials.2006,
20, pp. 119-127.
[10] Hakimi A., Fassi-Fehri O., Bouabid H., Charifd’Ouazzane S., El kortbi M., Non-linear
behaviour of the compressed earth block by elasticity damage coupling, Materials and
Structures, 1999, pp. 539-545.
[11] Herrier, G., Berger, E., Bonelli, S., The Friant-Kern canal: a forgotten example of limetreated structure in hydraulic conditions.In: 6th International Conf. on Scour and Erosion,
Paris, France, 2012, pp. 1527-1534.
[12] Houben H, H. Guillaud, (CRATerre), Earth "Construction", Primer Brussels, CRATerre
/ PGC / CRA / UNCHS /. 1984.
[13] MG. Lunt, Stabilised soil blocks for building construction. Overseas building notes,
1980.
[14] Miccoli. L, Garofano. A, Fontana. P, Müller. U. Experimental testing and finite
element modelling of earth block masonry. Engineering Structures, 2015, 104, pp. 80-94.
[15] Nagaraj, H.B, M. V. Sravan. T.G. Arun and K.S. Jagadish.Role of lime with cement in
long-term strength of Compressed Stabilized Earth Blocks.International journal of
SustainableBuilt Environnent.2014, 3, Issue 1, pp. 54-61.
[16] Olivier M. Le matériau terre, compactage, comportement, application aux structures en
blocs de terre, PhD, INSA, Lyon, 1994. France.
[17] P’Kala A, Jean-Claude Morel, AbaloP’kala, Hervé Di Benedetto, Essai in situ sur blocs
de terre comprimée, Revue française de génie civil.2003, 7-2.
[18] Pkla A. Caractérisation en compression simple des blocs de terre comprimées (BTC):
application aux maçonneries BTC-mortier de terre, PhD, INSA, Lyon; 2002.France.
[19] RigassiV, Compressed earth blocks, CRATerre-EAG, Manuel de production. 1995, 1.
[20] Venkatarama, R and A. Gupta, Characteristics of soil-cement blocks using highly sandy
soils, Materials and Structures J. 2005, 38, pp. 651-658.
[21] Walker. P.J. Strength, durability and shrinkage characteristics of cement stabilized soil
blocks. Cement and concrete composites J, 1995, 17-4, pp. 301-310.
[22] WalkerP, Bond characteristics of earth blocks masonry, Journal of Materials in Civil
Engineering.1999, 11-3, pp. 249-256.
[23] Zine-Dine K, Boualid. H, EL Korbi. M, Charif-Ouazzane, Hakimi.A. Rhéologie des
murs en blocs de terre comprimée en compression uniaxiale: étude et modélisation. Materials
and Structures, 2000, 33, pp. 529-536.

-496-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7083

SUBSTITUTION OF THE TRANSVERSE REINFORCEMENT WITH
ENGINEERED CEMENTITIOUS COMPOSITE IN RC EXTERIOR
BEAM-COLUMN JOINTS SUBJECTED TO CYCLIC LOADING
Shwan H. Said(*)
Department of Civil Techniques, Kirkuk Technical Institute, Northern Technical University, Baghdad, Iraque
(*)
Email: shwan_19652000@yahoo.com

ABSTRACT
This paper presents a comparative study to investigate the seismic behavior of RC exterior
beam-column joints subjected to cyclic loading. Two specimens of full-scale RC beamcolumn joint were cast and prepared for testing. The first specimen was cast with
conventional concrete (CC) and seismically designed according to ACI 352R-02 structural
connection Type 2. For second specimen, the CC and the transverse reinforcement in the joint
region were substituted by engineered cementitious composite (ECC) using synthetic
polyethylene (PE) fibers. The specimens subjected to a reversed cyclic loading at the end of
the beam under controlled deformation until failure.
Keywords: normal concrete (CC), engineered cementitious composite (ECC), polyethylene
fibers (PE).
INTRODUCTION
Beam-column joints undergo high shear forces and moments in the joint zone under seismic
excitations. Two main modes of failure at the beam-column joint zone were observed during
the earthquake disasters are (i) shear failure on the diagonals of joint and (ii) failure due to
insufficient anchorage of reinforcement penetrating into the joint core (Sharma, 2010). As a
result, the design codes (ACI-ASCE Committee 352R-02; NZS 3101, 1995; IS 13920, 2002)
prescribed a procedure to estimate the shear reinforcement (steel hoops) required within the
joint core in addition to anchorage length of steel bars needed to penetrate inside the joint
core.
Engineered cementitious composite (ECC) is a class of improved high performance
fiber reinforced cementitious composite (HPFRCC), which was introduced in the early 90’s
(Li, 2008). It is characterized with a tensile strain-hardening and multiple-cracking behavior
(Lepech, 2008). ECC has a tensile strain capacity which ranges from 3 to 7% compared to a
value of 0.01% for normal concrete, with a tensile strength around 4-6MPa.
EXPERIMENTAL RESULTS AND DISCUSSION
In this experimental study, two full-scale exterior beam-column joint specimens were cast and
prepared for testing under cyclic loading, Figures 1 and 2. The study highlights the
comparison between the behavior of CC specimen and ECC-PE specimen in the joint zone in
terms of flexural capacity, shear capacity, joint rotation, and energy dissipation capacity of the
joint.
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For the first specimen cast with CC and Transverse reinforcement in the joint region, the
average ultimate load capacity of the specimen is 59 kN at drift ratio 4% and an ultimate
moment and shear capacity of the joint of 72 kN.m and 346 kN, respectively. The joint zone
was almost intact indicating a shear failure with moderate ductility in the joint. Load amount
at failure stage shows a decrease of about 20% of the ultimate load capacity at 5% of drift
ratio.

Fig. 1 - Details and dimensions for beam-column
specimen

Fig. 2 - Testing process of beam-column
joint

For the second specimen cast with ECC in the joint region, the specimen sustained an average
ultimate load of 67.4 kN at drift ratio of 6% with a moment at the joint of 82.5 kN.m and
shear force capacity of 395 kN. The drop in the load initiated after 6% drift ratio and the load
value decreased about 15.8% of the ultimate load capacity at 8% drift ratio. The beam-column
joint failed owing to the localization of the two main cracks on both diagonals commencing
from the meeting points of beam boundaries and inner column boundary.
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ABSTRACT
Water Tanks are amongst the most important special structures which are used for storage and
providing the needed water on the pick usage time in water supply networks. According to
this, investigating the seismic behavior of these structures are of much importance. In current
research, the seismic response of cylindrical steel water tanks with medium H/D ratio, by the
means of Lagrangian approach for considering the fluid-structure interaction, is studied.
Analysis procedure of the whole water-tank system is completed by the means of Time
History Analysis method, using 5 pairs of horizontal components of selected accelerograms,
recorded on soil categories of Rock, Dense Soil, Loose Soil and Very Loose Soil and scaled
to spectral acceleration level of Sa=0.35g. The response is computed for the filling strategy of
Empty, 50% Full and 100% Full conditions of both shapes and the final results are
summarized and discussed.
Keywords: Time History Analysis, Round Steel Water Tanks, Spectral Acceleration, Soil
Category, Lagrangian Approach
INTRODUCTION
The on grade cylindrical tanks are the type of lifeline structures which are extensively used in
water supply facilities, oil and gas refineries and nuclear power plants for various purposes.
Extensive failures and damages observed in the on-grade cylindrical steel tanks have
persuaded the researchers to investigate the seismic behaviour of these special structures.
Housner (1963), in a pioneering work, divided the hydrodynamic response of a rigid tank into
two liquid impulsive and convective masses. The part of the liquid that vibrates with the
tank’s rigid body produces the impulsive mode of response, while the rest of the liquid
generates the sloshing mode and is identified with a long period of vibration.
LAGRANGIAN APPROACH THEORY
Basic formulation for fluid-structure interaction using finite element method with Lagrangian
approach is summarized below:
1) Fluid is compressible and linear static. The used finite element is based on a formulation in
which the fluid strains are calculated from the linear strain-displacement equations. The only
strain energy considered is associated with the compressibility of the fluid (Wilson and
Khalvati, 1983). The pressure volume relationship for linear fluid is given by equation (1).
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p=Ev ɛv ,

(1)

where the pressure p is equal to the magnitude of the mean stress, Ey is the bulk modulus of
fluid and ɛv is the volumetric strain.
2) Viscosity effects are negligible. This assumption is not contrary to the fact since the effect
of viscosity for the dynamic behavior of fluid storage tanks is negligible and this effect
decreases when the dimensions of the tanks increase (Priestley 1986).
3) Displacement field is considered to be irrotational by introduction of a rotational stiffness.
If the fluid is assumed to have no shear strength, and the elasticity matrix for the fluid is with
the shear modulus set to zero. This results in a singular stress-strain matrix which in turn leads
to spurious, zero-energy deformation modes for fluid elements and fluid meshes. A possible
method of overcoming this problem is to assume a small value for shear modulus of the fluid.
A second approach is to admit the inviscid behavior and to use the implication that the fluid
must be irrotational in nature. This behavior can be enforced by the use of a penalty function
as used in this study. Rotations (ɛxr, ɛyr, ɛzr) and constraint parameter (E11, E22, E33, E44) for the
x, y and z directions, which are necessary to satisfy the rotation constraints in this
assumptions, are as equation (2).

(2)

(3)

where ψx, ψy and ψz are constraints parameter coefficients. From here, rotation pressures
(pxr, pyr, pzr) are as equation (4).
(4)

The total potential energy (U ) of the fluid system consist of the sum of the strain energy (Πɛ)
and the increase in potential energy (Πs) by taking into account the free surface oscillations of
the fluid. The expression for this energy is as equation (5).

(5)

Where E is elasticity matrix, us is the vertical displacement of the fluid, H is the height of the
fluid, g is the acceleration due to gravity and ρ is the mass density of fluid. The kinetic energy
(T) of the fluid is according to equation (6).
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(6)
where v(vT=[vx vy vz]) is the velocity vector in the Cartesian coordinates. Three dimensional
isoperimetric fluid element with eight nodes is considered in Lagrangian approach. Global (x,
y, z) and local axes (r, s, t) are given in Figure 1 for this element.

Fig. 1 - 8 node fluid finite element

Expressions for mass and rigidity matrices are given in equations (7) and (8).
(7)

(8)

where J is the Jacobian matrix, Qijk is the interpolation function, ηi, ηj and ηk are weighting
functions, B is the strain-displacement function obtained from ɛ = B u expression. Rigidity
occurred from oscillation on the surface.

(9)

where Qs is the interpolation function for two dimensional surface element. After the mass
and rigidity functions are obtained from equations (7) and (8), total potential and kinetic
energy expressions in the finite element can be written as equations (10) and (11)
respectively:
(10)

(11)
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If the potential and kinetic energy expressions are substituted in the Lagrangian equation (12).

(12)

where uj is the j th displacement component and Fj is the applied external load, the governing
equation can be written as equation (13).
(13)
where ü is the acceleration and R is the general time varying load vector.
TANK-LIQUID FINITE ELEMENT COMPUTATIONAL MODEL
In current research the finite element model of a cylindrical water tank, designed and
constructed in Armenia is selected. The tank is made up of 5mm steel plate. The internal
diameter of the tank is D=11.4m. The height of the tank till the roof slope is H=10.3m. The
roof of the tank is also made up of 5mm steel plate, supported by long and short support
girders. The slope of the roof is selected to be approximately 20%. For analysis purposes,
three strategies of a) empty, b) 50% full and c) 100% full is taken into account. Figure 2
shows the 3D finite element model of the tank, containing filling strategies. In finite element
model of the anchored tank, four-node quadrilateral shell elements are used for modelling of
surrounding wall, bottom and the roof. Two-node linear elements are used to model the roof
rafters. For modelling of the liquid, eight-node brick acoustic elements are used. The acoustic
finite elements use linear wave theory and consider the dilatational motion of the liquid. The
interaction between liquid and tank is considered using definition “Surface tied normal
contact constraint” between the interfaces of liquid and tank.

(a)

(b)

(c)

Fig. 2 - Proposed finite element models: (a) Empty, (b) 50% Full, (c) 100% Full

This constraint is formulated based on a master-slave contact method, in which normal force
is transmitted using tied normal contact between both surfaces through the simulation, letting
the sloshing modes in liquid to be formed. The freeboard is taken into account 30 cm.
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TIME HISTORY ANALYSES
In order to perform the time history analyses, 5 pair of accelerograms of earthquakes recorded
on each soil type, according to Armenian SNIP II-2.06 code, were selected. Then each pair
was scaled to spectral acceleration level of Sa=0.35g. Selected records are of the earthquakes
listed in Table 1.
Table 1 - Characteristics of used Earthquake Records
Event

Year

Mag.

Superstition Hills
Chi-Chi-Taiwan
Irpinia-Italy
Tabas-Iran
Denali-Alaska
Loma Prieta
Kocaeli-Turkey
Northridge
San Fernando
Landers
Hector Mine
Cape Mendocino
Westmorland
Imperial Valley

1987
1999
1980
1978
2002
1989
1999
1994
1971
1992
1999
1992
1981
1979

6.54
7.62
6.9
7.35
7.9
6.93
7.51
6.69
6.61
7.28
7.13
7.01
5.9
6.53

Mechanism
Strike-Slip
Reverse-Oblique
Normal
Reverse
Strike-Slip
Reverse-Oblique
Strike-Slip
Reverse
Reverse
Strike-Slip
Strike-Slip
Reverse
Strike-Slip
Strike-Slip

The scale factor for an accelerogram computed based on the larger PGA of its two horizontal
components. Then both horizontal components are multiplied by the computed scale factor.
Then the scaled records were applied to the computational models separately due to the soil
type and spectral acceleration for which the selected model was analysed and designed. For
Time history analyses, the “Direct Integration” technique was used. Time history analyses for
all models were completed using Newmark - β method using γ = 0.5 & β = 0.25. Due to
structural characteristics, the damping ratio for linear analyses was determined equal to 0.05
for the first two modes of vibration.
NUMERICAL RESULTS
The final results of the Fluid-Structure Interaction analysis of the tank-reservoir system are
indicated in Table 2.
Table 2 Fluid-Structure analysis results, Base shear force versus percent of Filling

Soil Category

Acceleration
No.

Filling
%

Base Shear Force
(Ton)

1

0
50
100

666.6
975.5
1757.8

2

0
50
100

373.8
561.5
1020.7
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SI
(Rock)

SII
(Dense Soil)

SIII
(Loose Soil)

3

0
50
100

437.8
612.2
856.0

4

0
50
100

503.9
767.0
1044.9

5

0
50
100

657.6
860.9
1593.7

1

0
50
100

356.9
492.3
822.8

2

0
50
100

284.5
499.1
746.9

3

0
50
100

455.2
636.1
1053.9

4

0
50
100

391.8
553.9
891.2

5

0
50
100

315.9
460.1
676.2

1

0
50
100

385.8
618.1
939.3

2

0
50
100

477.6
670.7
936.7

3

0
50
100

469.4
817.4
1062.7

4

0
50
100

390.9
662.8
1111.3

5

0
50
100

361.9
555.3
807.2

1

0
50
100

467.2
655.2
919.5

2

0
50
100

463.0
680.4
1004.1
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SIV
(Very
Loose Soil)

3

0
50
100

369.6
609.5
787.1

4

0
50
100

500.1
842.0
1077.0

5

0
50
100

379.0
727.6
888.2

For the results of the analyses to be apparent, they are converted into diagrams of base shear
force versus percent of filling. The mentioned diagrams are shown in Figure 3.

(a) Soil Type SI

(b) Soil Type SII

(c) Soil Type SIII

(d) Soil Type SIV

Fig. 3 - Diagrams of Base Shear Forces versus Percent of Filling according to soil categories

CONCLUSION
The computational results of the finite element analysis of the whole Fluid-Structure system
for several filling strategies illustrate that by degrading the soil category, the amplification of
the base shear force due to tank filling percent converts to be linear for loose soils rather than
parabolic in case of dense soils. As could be observed in diagrams of Figure 3, when the tank
starts to get filled for more than 50% of it's full capacity, base shear forces start to increase
nonlinearly, mainly in case of soil type SI and partially for soil type SII. When degrading the
soil category, this event starts to get reduced. According to the diagrams in Figure 3, the most
significant effects of this kind could be observed in case of Soil type SI. In case of this soil
category, the maximum amplification of base shear force is almost accessible for most of
earthquake records, when the tank is started to get filled more than 50% of it's full capacity.
According to this fact, in case of soil type SI, the maximum effect of sloshing mode of liquid
caused by convetive mass of water inside is predictible. In case of soil type SII~SIV, one
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could observe the small effect of soil degradation on the sloshing mode of vibration of the
liquid inside the tank. On the other hand, the impulsive mass of the liquid has almost the
same effect on the Fluid-Structure system behavior in case of all soil categories up to 100%
of filling strategy. Soil type SI seems to be an exception, for which the impulsive mass of the
liquid is working up to 50% of filling capacity, after which the convective mass is activated.
It could be concluded that degrading the soil category from SI to SIV, lessens the seismic
response of the circular water tanks with medium H/D ratio by reducing the effect of sloshing
mode of the liquid caused by convective mass, while the effect of the impulsive mass is
remained almost the same for all soil categories.
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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 the characteristics of Bouc-Wen-Baber-Noori model are presented, and
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, 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
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).
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RESULTS AND CONCLUSIONS
Due to space limitation only the tables summarizing the correlation coefficient analyses are
presented. Table 1 show that 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 equal to 1.
Table 1 - Correlation Coefficient Analysis for IPV
CR-t3
1.0000

CR-t2
1.0000

CR-t1
1.0000

CR-x3
1.0000

CR-x2
1.0000

CR-x1
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
0.9546

CRt2
0.9770

CRt1
0.9829

CRx3
0.9546

CRx2
0.9770

CRx1
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.
Table 3 - Correlation Coefficient Analysis
CR-t3
0.9925

CR-t2
0.9932

CR-t1
0.9957

CR-x3
0.9925

CR-x2
0.9932

CR-x1
0.9957
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ABSTRACT
This paper reports the results of a study conducted to investigate strength, sorptivity and
permeability under pressure of concrete specimens cured using a water based curing
compound. The specimens are treated with waterproofing admixtures or surface treatments to
enhance performance while exposed to water. Four types of concrete specimens were
prepared in the laboratory: Portland cement (CEM I), Portland-fly ash (CEM II/A-V), Blastfurnace cement (CEM III) and Portland-silica fume (CEM II/A-D). Concrete cubes were demolded three hours after casting, and sprayed with a curing compound. Admixtures were
added to the mix during batching, whereas surface treatments were applied on concrete after
28 days. Compressive strength test was carried out to assess efficiency of curing compound to
develop required strength. In addition, absorptivity and permeability tests were conducted to
evaluate performance of treated specimens with respect to water ingress.
Keywords: curing compound, waterproofing admixtures, surface treatments, compressive
strength, absorptivity, permeability.
INTRODUCTION
According to Neville (2011), curing is the procedure used to promote the hydration of cement.
It affects not only strength development but also durability. Generally, wet curing, membrane
curing and curing compounds are the main curing methods used. Efficiency of curing
methods on concrete strength and durability has been widely reported by researchers. In a
study conducted by Al-Gahtani (2010), it was demonstrated that curing efficiency of curing
compounds with respect to the compressive strength was in the range of 84-96%. In addition,
the author has concluded that using water based acrylic curing compounds are effective in
decreasing plastic and drying shrinkage strain. These findings were consistent with a study
conducted by Xue et al. (2015). The authors have shown that curing compounds were
effective in increasing compressive and flexural strength of concrete. They also reported
improvement in permeability and a decrease in drying shrinkage of concrete. In this study,
concrete specimens underwent compressive strength, absorptivity and permeability under
pressure tests. Results were compared with two types of untreated control cubes. The first
type was cured using a curing compound, whereas conventional water curing was used in the
second type of control cubes.
RESULTS AND CONCLUSIONS
Figure 1 shows that, specimens cured using the curing compound, and conditioned in the
laboratory developed 85-96%, and 87-90% compressive strength at 7 and 28 days
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respectively, when compared to specimens cured in water. Furthermore, replacing 10% of
Portland cement with silica fume in CEM II/A-D increased the strength by 25% in both
curing conditions.

(b) 28 days

(a) 7 days
Fig. 1 - Compressive strength test results

In terms of absorptivity and permeability tests, the results illustrated in Figures 2 and 3 show
that concrete specimens (CEM I) cured with the curing compound, and treated with surface
treatment (1) significantly reduced water penetration. On the other hand, specimens treated
with admixture (1) did not improve performance against water penetration. In fact, the
treatment was ineffective when compared to control cubes cured in water.

Fig. 2 - Absorptivity test results

Fig. 3 - Permeability under pressure test results
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ABSTRACT
This study concerns the NDT characterization by micro-seismic technique of a reinforced
concrete slab exposed in high temperature, creating a decreasing damage thought the
thickness. The dimensions of the slab were equal to 1.20 x 1.10 x 0.12 m (L x W x T). A
welded wire mesh (200x200x10) and an OPC concrete reaching at 28 days a compressive
strength of 32.7 MPa and a static modulus of elasticity of 35 GPa were used for the slab. At
the age of two months, the slab was fixed instead of the door of a high volume furnace; it was
heated until the exposed face had reached 300°C then cooled to room temperature. During
heating, the temperature gradient through the concrete thickness reached more than 16°C/cm.
Keywords: non-destructive testing, Lamb waves, reinforced concrete, slab, damage.
INTRODUCTION
Accurate evaluation of damage in concrete structures is very important. The decisions that
have to be taken concerning maintenance, repair, rehabilitation and risk prevention of the
structure, depend indeed on this evaluation. During the last decades, most techniques
concerning the assessment of concrete damage based on non-destructive testing (NDT)
achieved important progresses. Among them, the micro-seismic technique, a fully nondestructive acoustic technique, was applied successfully on characterization of concrete
quality of slabs [2, 3, 4]. This technique, based on the analysis of Lamb waves propagation
induced by a low-energy mechanical impact, is able to determine the modulus of elasticity of
concrete, even if the thickness of the slab is unknown, as well the presence of general
degradation of concrete. However, further developments are necessary for evaluation of a
gradient of damage in a reinforced concrete as in the case of degradation of structure exposed
to a fire.
The heating deteriorates the concrete by thermal stresses and dehydration of cement’s
hydrated products. The deterioration is all the more important the temperature is higher [1]
consequently, the residual modulus of elasticity of concrete varies with temperature gradient.
RESULTS AND CONCLUSIONS
The slab was characterized on both faces (exposed and non-exposed to high temperature)
before and after heating with the micro-seismic technique and the mean value of dynamic
modulus of concrete through the thickness was determined in any case. For the

-511-

Topic-I: Civil and Structural Engineering Applications

characterization, a small hammer was used to create an impact on the slab and generate its
vibration. Thus, a series of seismograms was obtained with sampling frequency of 200 kHz
using a series of accelerometers arranged in line and spaced 2 cm. A double FFT was applied
on seismograms series leading to the determination of the phase velocity of the Lamb waves
as a function of their frequency. Then, the phase velocity-frequency diagram was used to
determine the modulus of elasticity of concrete by reverse calculation taking in account the
theoretical symmetric and anti-symmetric vibration modes of the slab.
The inspection of the slab after heating concluded that there was no significant visual defect
(cracking, pop-out or grumbling). However, the micro-seismic technique results show that the
heating induces an important decrease of the mean value of dynamic modulus of elasticity of
concrete from 38 GPa to 22 GPa. Moreover, the deterioration by the heating reinforces the
diffusive character of concrete and attenuates strongly the frequencies higher than 15 kHz.
The attenuation is even stronger when the micro-seismic technique is applied on the heated
face. The phase velocity-frequency experimental diagram obtained in these conditions, is not
enough rich for accurate discrimination between a varying with thickness damage and a
homogenous damage through the entire thickness of the slab.
With the aim of improving the analysis of experimental results, a dynamic axisymmetric
numerical simulation of the Lamb waves propagation in the slab after an impact was
performed using a FEM software (Cast3M), allowing the calculation of the displacements at
the measuring points and draw the corresponding seismograms. Three cases were simulated
using the experimental values of dynamic modulus of elasticity: the case of sound concrete
before heating, the case of deteriorate concrete after heating presenting a generalized
homogenous damage and the case of deteriorate concrete presenting a decreasing with depth
damage.
The comparison of simulation results with NDT results shows that in the case of sound
concrete the numerical phase velocity-frequency diagram is very close to the experimental
one. This confirms the efficiency of the micro-seismic technique to evaluate the concrete
quality in this case. On the other hand, in the case of deteriorate concrete, the simulation
results shows that the main differences between a homogeneous and a varying with depth
damaging affects much more the field of higher than 15 kHz frequencies. However, the
symmetric fundamental mode of vibration presents significant distortion at low frequencies
allowing the identification of the presence of damage gradient. But in this case, signal
processing is necessary for accurate identification of damage.
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ABSTRACT
This paper describes the dynamic tests performed on an energy dissipation damper based on
Shape Memory Alloy (SMA) wires. It continues the mechanical characterization process of
this device started in a previous study (Morais, 2017). The aim of the study described in this
paper is to evaluate the strain-rate and temperature influence on the device’s damping
capability, as groundwork for a more complete test in a shaking table. The underlying concept
of this device is the use of a double counteracting system of pre-strained SMA wires as the
dissipation elements. By using pre-strained wires, this design is focused on maximizing
energy dissipation, partially relinquishing the re-centring capabilities of the device. The
experimental tests were performed on a downscaled prototype, already used in the
aforementioned study.
In parallel with these tests, a constitutive model was developed for this device, based on the
SMA mechanical and kinetic laws described in the literature (Lobo, 2015), in order to
complement future design projects based on this damper configuration.
Keywords: vibration damper, shape memory alloy, earthquake response.
INTRODUCTION
Passive energy dissipation techniques have shown to be an effective strategy when aimed at
structural preservation against seismic events. These systems are designed to eliminate or at
least to reduce structural damage on buildings and infrastructures by absorbing part of the
energy of the seismic event. One energy dissipation technique consists on using dampers
based on SMA wires. Shape Memory Alloys have several interesting properties that can be
exploited in these applications, namely their superelasticity, high fatigue resistance and near
strain-rate independence, depending on a suitable temperature control (Dolce, 2000).
Superelasticity is the main property explored in this type of devices and represents the
capability of the material to transform between metallurgical phases (austenitic and
martensitic phases) due to external stress application. The forward transformation corresponds
to the change from austenite to martensite, as opposed to the inverse transformation that
corresponds to the change from martensite to austenite. This property allows SMA based
dampers to withstand very large strains (when compared to dampers based on other metallic
materials) without any residual deformation upon unloading, while dissipating energy during
the loading/unloading cycles.
According to the available literature, SMA based dampers can be affected by temperature and
strain-rate variations (Dolce, 2000). Namely, if the temperature or the strain-rate increases,
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the damper can exhibit a reduction on its damping capabilities. This study aims to evaluate
how these parameters affect the damping capability of our device.
DAMPER’S CONCEPT DESCRIPTION
The passive energy dissipation damper developed for this project uses two bundles of SMA
wires in a double counteracting arrangement, with pre-strain applied to both wire bundles. We
chose this type of configuration because it focuses on maximizing the energy dissipation
while maintaining the external load (measurable load exerted by the damper when actuated)
on predictable levels (Dolce, 2001). These preliminary tests were performed on a downscaled
prototype of the original design (Figure 1) with Nitinol austenite SMA wires (Ø1.75 mm).
This device is described in full detail in our previous article regarding this subject (Morais,
2017).

Fig. 1 - (left) virtual representation of the fully assembled prototype and
(right) a photograph of the manufactured device

CONSTITUTIVE MODEL FOR THE DAMPER
Over the years, several researchers have dedicated their time to create accurate constitutive
models to describe the behaviour of SMA wires (see some examples in Lobo, 2015). These
models can vary in complexity and applicability, but ultimately they should allow the user to
predict the complex SMA behaviour, if the proper material parameters are used.
SMA constitutive models feature one mechanical law, one kinetic law, and one thermal
balance equation in the case of rate-dependant models. The mechanical law relates stress (σ),
strain (ε), temperature (T) and martensite fraction (ξ), as a function of the material’s Young
Module (E) and thermal expansion coeﬃcient (θ). Martensite fraction is an internal state
variable that represents the extent of the forward transformation in the SMA, i.e. the
percentage of SMA that has been transformed into martensite (M) from austenite (A). The
kinetic law mathematically describes the evolution of the martensite fraction as a function of
stress and temperature changes, based on the material’s stress-temperature phase diagram.
The thermal balance equation describes the temperature changes in the SMA, taking into
account the heat exchanges with the surrounding environment and the heat generated by the
SMA during the loading cycles.
In an attempt to consolidate our knowledge on this device, a preliminary rate-dependent
constitutive model was developed based on the models by Auricchio and Tanaka (Auricchio,
2006 and Tanaka, 1986). The mechanical law (Equation 1) created using the Voight
formulation describes the behaviour of the device, more specifically, the resulting external
stress and the interactions between the two wire bundles (subscript 1 and 2). This model uses
a linear kinetic law (Equation 2 and 3) to determine the martensitic fraction of the SMA wires
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during the metallurgical phase transformations. Equation 4 represents the thermal balance
equation used in this constitutive model.
∆  ξ   1  ξ  ε  ε ξ   ξ   1  ξ  ε  ε ξ   θT  T 
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The parameter εL is the maximum residual strain of the material. The stress parameters from
the kinetic law deﬁne the boundary lines of the transformation strips for the SMA (Figure 2),
where the subscript s refers to the start of the phase transformation and f to the end of the
phase transformation. Parameter ρ is the material density, c is the specific heat and V is the
volume of the SMA wires. Parameter h is the coeﬃcient of heat transfer by convection and AS
is the corresponding surface area of the SMA wires that can exchange heat with the
environment. The term qgen corresponds to the power generated per unit volume in the SMA,
both by internal friction and by the latent heat from the phase transformations.

Fig. 2 - Generic SMA stress-temperature phase diagram. The four transformation temperatures (Mf,
Ms, As and Af) define the boundary stress values of the phase transformations for any given
temperature (T) as a function of the Clausius-Clapeyron coeﬃcient

EXPERIMENTAL TESTS
The experimental characterization process of the damper was performed using a series of
cyclic traction/compression tests. At this stage no tests simulating seismic conditions were
performed. The tests were conducted on a servo-hydraulic testing machine (SCHENCK
HYDROPULS PSB - 500 kN) using displacement control. A load cell and a displacement
transducer were used to measure the external load and the applied displacement, respectively
(Figure 3). One of the SMA wires was also instrumented with a thermistor to register the
average temperature changes in the material during the loading/unloading cycles The signals
produced by these transducers, after being amplified and filtered by a signal conditioning
system, were measured and recorded using a NI 9215 data acquisition module.
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Fig. 3 - damper prototype ready to be tested

For this study, our aim was to apply loading frequencies up to 10 Hz on the damper. But after
some preliminary tests, it became evident that the damper and the testing equipment couldn’t
handle the energy levels associated with the higher loading frequencies, mainly due to
problems in the device’s wire clamping solution. So using this experimentally determined
input power limit, Table 1 shows the set of parameters used in each test series. Each series
was performed with three repetitions and at least ten cycles per repetition, at room
temperature. Table 1 also shows the average strain-rate for each test series.
Table 1 - Set of parameters used in each test series
Loading Frequency (Hz)

Test Amplitude
peak to peak (mm)

Average Strain-Rate (%/s)

1

6

3.13

1

8

4.24

1

10

5.35

1

12

6.43

2

6

6.31

2

8

8.48

2

10

10.65

2

12

12.85

5

6

16.60

5

8

22.15

5

10

28.46

RESULTS
The main goal of these tests was to continue the mechanical characterization of the device,
initiated in the previous testing campaign (Morais, 2017), and to determine its damping
performance for higher strain-rates. To achieve this goal, the obtained results were analysed
and compared to ultimately calculate the equivalent viscous damping ratio (ζ) of the device,
according to equation (5) (Dolce, 2000), where ED is the energy dissipated in each loading
cycle and ES is the maximum strain energy of the material for the same loading cycle. ED
corresponds to the area between the stress-strain curve, result of the hysteretic behaviour of
the material.

ζ

 FG

DE FH

(5)

As expected, the average temperature on each wire increases continuously from the start of
the test until the end or until thermal equilibrium is achieved between the heat generated by
the wires and the heat extracted by the surrounding environment through convection. This
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thermal equilibrium temperature value depends on the loading frequency and displacement
amplitude applied to the device, and also on the environmental conditions of the test.
Figure 4 illustrates the mechanical behaviour of the device as a function of the applied
displacement amplitude and loading frequency by comparing different test series. Similarly to
the previous results, the graphic on the left shows that the resulting load is highly dependent
on the applied displacement amplitude, while the graphic on the right illustrates that
frequency changes have a lower influence on the resulting load.

Fig. 4 - Stacked stress-strain curves of several test series to illustrate the influence of the displacement
amplitude and loading frequency on the resulting load

In order to have a wider view of the damping behaviour of the device, the data collected in
these tests (2018 campaign) was added to the data from the previous tests (2017 campaign).
Figure 5 illustrates the device’s sensitivity to strain-rate changes relative to its damping ratio.
In the 2018 dataset, that represent the higher loading frequencies, the strain-rate appears to
have a much lower influence on the damping ratio when compared to the 2017 dataset. In
each of these tests, the thermal equilibrium temperature tended to be the same, so it is
expectable that there shouldn’t be any major damping ratio differences between them, as
temperature changes represent one of the major parameters that can affect the damping ratio
(Dolce, 2001). This is true for the specific conditions of these tests, such as room temperature
and convection conditions, applied amplitude and loading frequency ranges, and specific
SMA being tested.

Fig. 5 - Influence of strain-rate on the device’s damping ratio. This graphic
includes data from 2017 and 2018 tests

-517-

Topic-I: Civil and Structural Engineering Applications

Upon a closer look at the data collected from both test campaigns, there is evidence of a
severe drop in the damping ratio from the 2017 tests to the 2018 tests, even for similar testing
parameters. This is likely due to an ageing effect on the wires, since the device was left under
pre-strain between both test campaigns, for a span of almost nine months. Figure 6 gives
further evidence of this claim, by comparing two similar test sets from 2017 and 2018. In both
cases, the area between the loading curve is narrower for the 2018 tests, which results in less
energy dissipated per loading cycle and hence a smaller damping ratio. The damping ratio
dropped from 0.13 to 0.1 for the 6 mm displacement amplitude test sets and from 0.098 to
0.07 for the 10 mm displacement amplitude test sets. This behaviour is in accordance with the
information available in the literature on this subject (Isalgue, 2015).

Fig. 6 - Ageing effect on the damping capability of the device

Next, using the wire temperature data acquired, the three repetitions from the several tests
were compared. Here it became evident the decrease in the damping ratio due to an increase
in the average wire temperature. The temperature changes during each test can be attributed to
two factors: internal friction in the material due to the loading cycles and the latent heat
generated by the phase transformations (Dolce, 2001). This effect is related to the ClausiusClapeyron coeﬃcient and its interaction with the damping capability of SMA wires. Figure 7
shows one of these comparisons, where the temperature increase is relatively small, and so the
damping ratio decrease is also small, but noticeable, between the three repetitions.

Fig. 7 - Temperature effect on the damping capability of the device, due to internally generated heat
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Finally, in order to gauge the capability of our constitutive model to reproduce experimental
tests, several simulations were made against the collected data. Figure 8 shows one of these
simulations, using one test from the 2017 group with 6 mm of displacement amplitude and
0.05 Hz of loading frequency. While the model is not fully able to reproduce the damper
behaviour, it is adequate for design purposes. It is also able to predict, by excess, the device’s
damping capabilities for any given situation and loading path.

Fig. 8 - Stress-strain curves comparing experimental data (6 mm - 0.05 Hz) with the constitutive model

Figure 9 shows another of these simulations from the 2017 group, now with 12 mm of
displacement amplitude and 1 Hz of loading frequency. Here the model is still unable to fully
replicate the damper behaviour, but is capable of simulating higher strain-rate tests.

Fig. 9 - Stress-strain curves comparing experimental data (12 mm - 1 Hz) with the constitutive model
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After analysing these simulations, there are two aspects where improvements could be made
to improve the quality of the results. The first aspect is to experiment with other kinetic laws,
like the cosine law and the exponential law described in the literature (Lobo, 2015). The
second aspect is to refine the material parameters used for these simulations, since the
parameters used in this study were based on the factory material parameters, supplied by the
manufacturer, and so didn’t took into account the changes caused by the high number of
cycles effect and the ageing effect. Both the 2017 and 2018 test campaigns exhibited the high
number of cycles effect, since the wires used in these tests had definitely been subjected to
more than 100 cycles prior to the tests (Dolce, 2001 and Isalgue, 2015). The 2018 campaign
wasn’t used in these simulations because it also exhibited the ageing effect.
CONCLUSIONS AND FUTURE WORK
This paper presented the mechanical characterization process of a SMA wire based damper
for high strain-rates, in the context of earthquake response mitigation. Here the damper
exhibited relatively low changes on its damping ratio for these high strain-rates. This could be
an interesting feature for this specific application, since in the earthquake characteristic
frequency range [0.2 - 4 Hz] (Dolce, 2001), the device has a near constant response to
external excitation, regarding its damping ratio.
Future work on this subject, in order to further verify this behaviour, will include the
development and implementation of an improved wire clamping solution. To verify if
improvements can be made to the damping capabilities of the damper for these higher strainrates, a solution to improve the heat extraction by convection during the tests will be
implemented and tested. Regarding the constitutive model, in our opinion, it is now an
acceptable tool from a design perspective. Certainly improvements can be made to further
refine the quality of the results. This will also be included in future work on this subject.
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ABSTRACT
In this work, a probabilistic framework for identification of traffic loads on concrete bridge
structures is presented using data from a FE structural model in combination with a finite
volume approach for traffic load modelling. The identification approach uses Bayesian
Inference to identify traffic loads from measured sensor data from travelling load experiments
performed at BAM. The work focuses on the load identification part of the framework
utilizing global structural response measurements only. The obtained information on traffic
loads can be forwarded to further analysis such as fatigue and structure state estimation or
model updating.
Keywords: concrete bridges, traffic loads, FE modelling, risk analysis.
INTRODUCTION
Many civil structures are used beyond their initially planned life spans these days. At the
same time, a worldwide increase of traffic loads can be observed. This leads to problematic
overuse in many cases. The inherent trade-off between economy and safety issues illustrates
the importance of accurate structural models for risk analysis and decision making.
Traffic loads are a huge factor when it comes to predictions of the remaining service life of
bridge structures. Therefore, detailed information on the actual traffic load is of great interest
to civil engineering. Being able to identify such properties allows for more accurate service
life forecasts and even an update of structural parameters. Being able to continuously evaluate
incoming monitoring data would be the goal in order to provide regularly updated structural
models. A probabilistic framework for load identification and structural model updating from
measurement data is currently under development at BAM. Working towards the application
with actual civil structures, measurement data from travelling load experiments on a 24m long
test bridge is used for algorithm improvement and evaluation.
EXPERIMENTAL SETUP
The measurement data that is used for load identification is obtained in travelling load
experiments performed on a two-span reinforced concrete bridge. These experiments involve
measurements with two travelling loads of 2.000 kg as well as a hydraulic prestressing system
allowing for controlled changes of the bridges’ structural properties. For the measurements,
several sensor systems are used, among which are FBGs, stereophotogrammetry, active and
passive acoustic sensor systems, temperature, acceleration, displacement and inclination
sensors. The experiments are performed repeatedly in intervals of several months which
allows for well controlled experiments under actual environmental conditions.
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NUMERICAL FRAMEWORK
The Bayes Inference based probabilistic load parameter identification process uses global
structural answer measurements like displacements and inclinations and compares them to
numerically predicted data. This simulated sensor data is calculated using pre-calculated
influence lines from a 3D structural FE model of the test bridge, Figures 1 and 2. Thus,
updating the model, results simply in replacing the used influence lines for calculation. Model
complexity therefore has no effect on the identification procedure level.
Traffic load identification requires a second model, introducing the traffic loads themselves.
This model must be coupled to the structural model in order to obtain load terms for the
(quasi-)static FE calculations. In an approach where loads are modeled as single loads, some
psycho-physical model is required to prevent vehicle collisions and unphysical behavior.

Fig. 1 - 3D FE structural model

Fig. 2 - Density curve time propagation with FV model

In this work, traffic is modeled as a continuous mass flow across the structure which does not
distinguish between single loads in order to avoid that problem. Spatial discretization of a
lane in a finite volume approach allows time propagation of the used conservation laws for
masses and linear momentum:
4J  

K
4M
KL

MJ  

KM
∙M
KL

Local densities and velocities ρi, vi and the incoming fluxes are the parameters to identify for
each time step with Bayesian methods. The computed distributions for the next time step are
used as prior information for identification procedure. Narrow time windowing is used to
keep the number of simultaneously identified parameters and thus the dimensionality of the
identification problem at hand within a manageable range.
REFERENCES
[1] Kurganov A, Tadmor, E. New High-Resolution Central Schemes for Nonlinear
Conservation Laws and Convection-Diffusion Equations. Journal of Computational Physics,
2000, 160, pp. 241-282.
[2] Beal MJ, Variational Algorithms for Approximate Bayesian Inference, Dissertation
(Ph.D.), Gatsby Computational Neuroscience Unit, University College London, 2003.
[3] MacKay DJC, Bayesian methods for adaptive models, Dissertation (Ph.D.), California
Institute of Technology, 1992.

-522-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7130

COST CONSEQUENCE-BASED RELIABLITY ANALYSIS OF
BURSTING FAILURE IN SUBSEA PIPELINES
Bahram Mehrafrooz1, Pedram Edalat1(*), Mojtaba Dyanati2
1
Offshore Structural Engineering Department, Petroleum University of Technology, Iran
2
Visiting Researcher, University of Akron, USA
(*)
Email: edalat@put.ac.ir

ABSTRACT
The uncertainty in material and fabrication (i.e., construction) quality result in major concerns
in reliability and durability of pipelines and has a remarkable impact on the balance between
CAPEX and OPEX of pipelines in a Risk-based integrity management approach. This
research investigates the impacts of uncertainties in fabrication procedure quality and
accuracy on the failure risk of a pipeline during a 40 years period of operation.
Keywords: pipeline, bursting, reliability-sensitivity analysis, Monte Carlo simulation.
INTRODUCTION
Subsea pipelines are known as a principle contributor to petroleum fluids transfer in offshore
oil and gas industry. Although subsea pipelines are cost-effective and environmental-friendly
means of transferring production, they are still subjected to high risk of failure and are known
as potentially high risk facilities. High risk facilities are defined as facilities with high
probability of failure and high consequence of failure (Muhlbauer, 2004; Crawley et al.,
2003). Since they are major structures with costs that run in the hundreds of millions, Failure
occurrence can result in severe economic consequences and safety and health hazard. (Miran,
2016; Alijaroudi, 2015). Failure of offshore pipelines usually takes place as a result of
degradation in the pipes. Degradation depends on numerous physical and environmental
factors such as uncertainty in values/ homogeneity of materials properties, uncertainty in
external and internal loads, fabrication quality (geometric parameters), and temperature
fluctuations (Shafiee, 2015). To address this issue, a risk-based approach (considering
structural uncertainties) is used for evaluation of pipelines and maintenance scheduling. The
objective of this paper is to investigate the influence of structural uncertainties caused by
construction process on estimation of the failure risk of subsea pipeline. These uncertainties
are modeled in limit state formulations that are normally used to design the pipelines.
RESULTS AND CONCLUSIONS
Results indicate that the accuracy in the construction parameters including wall thickness,
material properties, and line pipe diameter, significantly affect the probability of failure (POF)
of the pipeline. With improving construction quality by 33% (allowing less variability in
construction parameters) a reduction of more than 99 percent of POF is being observed as
shown briefly in Table 1. The degraded structure has been modeled with decreasing pipeline
wall thickness according to approved corrosion pattern. As shown in Figure 1, the POF (%)Time (year) curve illustrate exact time for failure occurrence for three different fabricators in
which their fabrication tolerances are in DNV-OS-F101 allowable range.
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Table 1 - Pipeline probability of failure and sensitivity
Standard
Diviation

POF(%)

POF sensitivity to (t) (%)

POF sensitivity to (D) (%)

POF sensitivity to (SMYS)
(%)

Fabrication
quality 1

5.9e-2

-3.35e-3

7.66e-05

-6.17e-05

Fabrication
quality 2

2.6e-3

-1.77e-4

5.41e-06

-3.55e-06

Fabrication
quality 3

7e-5

-5.21e-06

2.21e-07

-1.08e-07

5,00E+00

Probability of failure

4,50E+00
4,00E+00
3,50E+00

Fabricator3

3,00E+00

Fabricator2.5

2,50E+00

Fabricator2

2,00E+00

Rule Criteria

1,50E+00
1,00E+00
5,00E-01
0,00E+00
0

10

20

Year

30

40

50

Fig. 1 - Failure occurrence time

Sensitivity analysis shows that wall thickness has the greatest effect on the POF. Significant
minimum Yield stress (SMYS) and diameter are respectively in second and third degree of
importance.
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ABSTRACT
In this work it is presented a 3D finite element program (DamDamage1.0), developed using
MATLAB, for the non-linear analysis of concrete arch dams under static loads, aiming to
assess the structural safety. The non-linear calculations are performed based on an iterative
numerical method using a stress-transfer technique (considering the redistribution of
unbalanced stresses), and simulating the concrete’s behaviour up to failure with a constitutive
damage model using 2 independent damage variables: d+ for tension and d- for compression.
Keywords: 3DFE program, non-linear analysis, arch dams, damage model.
INTRODUCTION
The safety control of large structures, such as dams, is of the utmost importance during their
whole life cycle, since the design phase until the end of the useful life. Large dams are civil
engineering structures of high potential risk, given the personal and material damages that
may result from a situation of structural collapse, as referred in the Portuguese Dam Safety
Regulation (RSB, 2007). Furthermore, the specific case of arch dams is of high complexity,
given their particular geometry and the specific nature of the dam-reservoir-foundation
system’s behaviour. Thus, it is essential to develop reliable numerical models to simulate the
structural behaviour of dams and to support safety control studies. In the scope of this work, it
is relevant to highlight: i) the Finite Element Method (FEM) (Zienkiewicz, Taylor and Zu,
2005), commonly used in developing dam-reservoir-foundation models; and ii) isotropic
constitutive damage models (Oliveira and Faria, 2006) to simulate the material non-linear
behaviour.
The safety assessment studies of large dams are generally carried out for scenarios concerning
the stability of the foundation and the structural safety of the dam body (Pina, 1988), namely
considering failure scenarios as the concrete strength decrease scenario, which has been
studied in the CDD of LNEC for several decades, based on experimental tests with physical
models and based on numerical models. The main goal of this scenario is to compute a global
safety factor λS, which represents the maximum material strength decrease that can occur
without causing the dam’s collapse. This is equivalently calculated as the maximum
multiplying factor (λ) of the applied loads.
This scenario is studied for the case of Cabril dam, a 132 m high double curvature arch dam
with a crest length of 290 m between its abutments. The central cantilever has a maximum
width of 19 m at the base and a minimum width of 4.5 m in the upper part, which is widened
at the crest to allow the dam to be crossed by a road.
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RESULTS AND CONCLUSIONS
The non-linear analyses were performed using the DamDamage1.0 program and a numerical
model of Cabril dam (Figure 1). The main results for the concrete strength decrease scenario
are presented, considering the load combination with the self-weigth (SW) and the hydrostatic
pressure (HP) at the upstream face (full reservoir situation).
The referred failure scenario is studied for a concrete with f t + = 3 MPa and f c− = −30 MPa as
strength properties, and considering different constitutive laws to assess the influence of the
softening phenomenon in the dam’s global resistant capacity.
DamDamage1.0
Stress-transfer (FEM)

K 0 ⋅ u = Fap + Ψ
% % %

Main outputs

+

Stresses

Displacements

Damage model
−

−

σ = (1 − d )σ% + (1 − d )σ%
+

%
%
Cabril arch dam

%

3D FE mesh and constitutive laws

Situation of imminent collapse
Tension Damage (d+)

Compression Damage (d-)

Fig. 1 - Schematic summary of the developed work
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ABSTRACT
This paper presents a dynamic three-dimensional finite element model developed and built in
ANSYS/APDL specifically to investigate the long-term performance of slab track systems.
The long-term effect in slab tracks is achieved in the model through iterative simulations,
emulating several years of track lifetime and in each cycle, soil settlement is updated. The
used methodology considers a thermo-hydro-mechanical model of the soil A case study, that
includes examples of commercially existing ballastless systems, is assessed to evaluate the
performance of such systems to millions of train circulations over the serviceability life of the
track. In addition, also this paper explores the challenge of understanding and managing the
risks of extreme weather conditions. An example to be presented is testing track resiliency
and fast recovery when subjected to heavy rainfalls and heat waves.
Keywords: slab track, railway track modelling, substructuring, dynamic analysis, long-term
behavior, concrete fatigue, extreme weather scenarios, track resiliency.
INTRODUCTION
The current growing trend in commercial speeds and daily services results in an extra need for
maintenance in the traditional ballasted track, which exhibits an early and pronounced
degradation. In this context, several ballastless systems arise, promising high structural
stability and reduced maintenance requirements. Despite being less frequent, these systems
still require an assured level of maintenance, and in certain cases, it is complex and requires a
considerable amount of time and resources. Hence, due to the lack of worldwide examples of
historical maintenance records, track resiliency and recovery from foreseeable and
unforeseeable events should receive further attention in the upcoming years.
This paper considers the prediction the long-term behavior of ballastless tracks over their
serviceability life. To accomplish such goal, a dynamic three-dimensional finite element
model is developed and built specifically in the commercial finite element software ANSYS/
APDL. Since it is expected the slab track behavior during lifetime, over millions of cycles, an
efficient model is envisaged to allow further analyses in time and space domain. Numerical
reduction techniques are applied and precisely matrix reduction through the generation of
superelements (track “slices”) that are periodically repeated over the track length. This model
in time domain has a dynamic vehicle interaction that is able to reproduce train circulations
even at high-speeds and a variety of slab tracks systems used around the globe. In each train
running simulation (one iteration), the model can deliver track deformations, stresses and
accelerations at several sensors previously defined.
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RESULTS AND CONCLUSIONS
Achieving a service-life level simulation is a vital part of the developed model that shall be
carefully included and updated in each iteration. Soil settlement and concrete fatigue are two
major issues for slab track deterioration and the way they are taken in the model is going to be
presented. Permanent deformation of the soil is updated in each iteration, by using a thermohydro-mechanical soil model already developed in a previous research work. This model
takes the track response and atmospheric properties as a calculation input and predicts soil
settlement accordingly, by using an incremental evolution. Such model allows the emulation
of extreme weather scenarios, such as floods and droughts, hence evaluating the resiliency
performance of slab tracks. Also, the cyclic nature of a railway track brings the relevance of
concrete deterioration that is taken into account through a mechanistic approach.
Special attention is focused on testing a few examples of existing slab track systems subjected
to an initial soil settlement. The results to be presented take into account the settlement
evolution under train circulations and seasonal rainfall in several climates. Slab performance
is evaluated through the level of cumulated damage at the end of the simulation. In addition,
some practical aspects regarding track vulnerability were outlined so that the risk of failure is
minimized.
Resilient, fast recovery and low maintenance solutions are key requirements for future
railway infrastructure. Hence the importance of efficient long-term numerical models as a tool
to support the decision making in track design that significantly improves maintenance and
renewal operations.
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ABSTRACT
In multi-story steel frames, the beam-to-column connections should allow the transfer of the
forces both in normal loading condition and also prevent progressive collapse when subjected
to accidental loads. This paper studies the mechanical performance of a beam-to-column
connection using different bolt configurations, under extreme loading situation, for which the
connection’s ductility and post-flexural behaviour should provide an adequate level of
robustness to the original structure. The study presents a parametric 3D FEM analysis,
developed in order to assess the performance of several geometric configurations.
Keywords: endplate connections, robustness, FEM analysis, ductility, 4-bolt-rows.
INTRODUCTION
The geometry and configuration of beam-to-column connections can have significant
influence on the global behaviour of a steel moment-resisting (MR) structure, substantially
affecting their strength and stiffness as well as its ductility and post-flexural behaviour. The
extended end-plate connection is widely used in its classical configuration with two bolts-perrow, which behaviour is extensively studied and documented (Zoetemeijer, 1974) (Girão
Coelho, Bijlaard and Simões da Silva, 2004) (Dubina et al., 2011). However, new typologies
of connections are possible despite the absence of accurate knowledge of their mechanical
performance.
The extended end-plate configuration with four bolts-per-row solution has been approached
by various researchers (Demonceau, Weynard and Müller, 2010) (Pisarek and Kozlowski,
2005), as yet to be considered in the design standards. To this contributes the discrepancy
between proposed analytic descriptions for the behaviour of the equivalent t-stubs with fourbolts-per-row, where even the number of failure modes has several different proposals, from
three (Demonceau, Weynard and Müller, 2010), to four (Pisarek and Kozlowski, 2005) and
more recently five modes (Gang and Xuesen, 2017).
The four-bolts-per-row configuration has the potential to be a viable solution for achieving
improved robustness performances for buildings in which good structural reliability
represents a key criterion. According to EN1991-1-7 (CEN 2006) a structure should withstand
extreme loading events, like explosions, fire or impact, which may affect its mechanical
properties as far triggering progressive collapse. In these types of scenario, the connection
plays a crucial role, in order to guarantee the transfer of loads from the damaged to the
undamaged elements, thus allowing the creation of alternative loading paths. In order to
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satisfactorily accomplish this function, the connection in the affected areas should possess
adequate levels of performance in terms of strength and ductility, in order to offer a good reequilibration of internal forces.
Due to the levels of extended deformation of the structure subjected to an extreme loading
event, the beams - and their adjacent connections - may also carry a significant amount of
axial force, besides shear and bending moment. Such is the case in the event of loss of a
column of a lower story, where the first set of beams above the damaged point is subjected to
an additional axial force due to catenary action. However, most classic configurations of
connections with two-bolts-per-row cannot develop significant catenary forces (Dinu,
Marginean and Dubina, 2017). In this context, this study proposes new connection typologies
by the addition of outer bolts in order to complement the mechanical characteristics of the
connection and provide additional strength to interaction between bending moment and axial
load.
REFERENCE MODEL
The studied sub-structure represents a variation of the original study on a four-bay-four span
structure with six storeys (Figure 1.) and modified connection typology. The structure was
previously employed in the framework of broader study on robustness (FRAMEBLAST,
2017). For the purpose of the study a two-span frame was extracted (hatched frame in Figure
1) in order to perform a column-loss experimental test, where a downwards displacement is
imposed on the central column, considered lost due to an explosion event (Figure 2).
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Fig. 1 - Reference building layout plan and position of
retrieved specimens for testing

Fig. 2 - Boundary conditions and loading application for frame testing

The structure was designed as MR frames, according to usual values of dead and live loads,
and seismic load corresponding to a low-seismicity zone (ag = 0.08g, TC = 0.7s) - Figure 1.
The structure was scaled down due to laboratory constraints and the resulting elements were:
columns - HEB260; beams - IPE220, both in steel S275J0 (Dinu, Marginean and Dubina,
2017).
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The resulting original MR end-plate beam-to-column connection has five rows of M16 bolts
H.R. 10.9, symmetrically distributed, and 16mm extended end-plates (see details in Figure 3).
In accordance with EN 1993-1-8 classification for strength and rigidity, this connection is
classified as semi-rigid and partial-strength (semi-continuous).

Fig. 3 - Details of the original EP specimen (dimensions in mm)

NUMERICAL MODELS
The present study is focused on the behaviour of modified typology of the original two boltsper-row by the addition of outer bolts on the end-plate, thus forming rows with four bolts, in
view of improving the mechanical behaviour of the connection and finally the overall levels
of robustness of the structure. In the first configuration (2BR_O), a set of exterior bolts is
added for the middle bolt-row, then two staggered and non-staggered set of bolts are added.
The three four-bolt configuration corresponds to doubling the inner rows, while at last, 5 set
of additional bolts are added, forming a complete 4-bolts per-row connection (Figure 4).

a) 2BR_O
d) 2BR_2

b) 2BR_1
e) 2BR_3

c)
f)

2BR_2V
4BR

Fig. 4 - Connection configurations (dimensions in mm) and description of the models considered
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All the supplementary bolts were identical in diameter and steel class to the original inner
bolts (M16 H.R. 10.9)
The FE models were developed in the 3D FEA software package ABAQUS (Dassault
Systèmes, 2016). The models comprise two consecutive beams, connected to three columns.
The columns were restrained laterally (both in-plane and out-of-plane) and their support was
modelled as a pinned connection. The models were monitored in displacement-controlled
steps. They considered a vertical downward imposed displacement of the central column
(Figure 2). The elements were modelled using solid finite elements (C3D8R with reduced
integration). Between steel elements in contact a general contact law was applied.

Fig. 5 - Finite element models for both the original and the 4BR configuration

Figure 5 shows the mesh applied to the different elements of the connection: a denser mesh
was applied to the end-plates and bolts as the plastic deformations are expected in these
components. Also, it could be noted that both the original and modified connections use an
HEB 260 profile, but in case of the original configuration the flanges were reduced to a width
of 160mm in order to realise the final cruciform cross-section made by two such profiles.
Table 1 - Steel mechanical properties for different elements
fy

fu

[Mpa]

[Mpa]

Bolts M16

965

1080

Beam flange IPE220

351

498

Beam web IPE220

370

497

Column flange HEB260

393

589

Column web HEB260

402

583

End-plate 16mm

305

417

The material properties used in the definition of the elements were taken from the results
given by the tensile tests performed on the original configuration (Table ). The stress-strain
curves used in modelling considered modified true stress-strain behaviour curves. The failure
behaviour of the material was also modelled, using ductile damage parameters (fracture strain
and stress triaxiality) together with displacement-based damage evolution.
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NUMERIC RESULTS
For each configuration, the force-displacement curve was registered and the failure pattern
observed. In Table 2, the results for strength and rotation at maximum load are shown. The
bending moment was evaluated at the point of connection between end-plate and column.
Also, the force-displacement behaviour curves resulted from numerical analyses are
represented in Figure 6, in comparison with the experimental test curve.
Table 1 - Comparison of results between the experimental test and the FE models

EXP
2BR_O
2BR_1
2BR_2V
2BR_2
2BR_3
4BR

Maximum vertical
force

Maximum bending
moment

Beam rotation at
maximum load

Fmax
[kN]
182.14
188.79
207.12
216.77
281.40
276.00
348.43

Mmax
[kNm]
124.77
129.32
141.88
148.49
192.76
189.06
238.67

ϕmax
[mrad]
64.609
70.717
81.194
86.893
115.11
113.96
171.8
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Fig. 6 - Comparison between force-displacement curves

As the results show, both the addition of extra bolts and the widening of the end-plate have a
direct influence on the ultimate strength of the connection, by increasing the original
resistance, and also on its ductility, allowing for higher rotations at the point of maximum
strength. The widening of the end-plate by itself increases the strength of the connection by
8%.
The numerical models confirm a significant difference in the post-flexural behaviour, as the
configurations with extra outer bolts are generally able to regain a significant percentage of
their maximum strength after their initial failure (post-flexural rebound rate).
Table 3 - Post-flexural behaviour comparison

EXP
2BR_O
2BR_1
2BR_2V
2BR_2
2BR_3
4BR

Fmax
[kN]
182.14
188.79
207.57
216.78
281.40
276.00
328.34

Fpc
[kN]
132.88
199.97
215.77
238.79
241.01
348.43

Fpc/Fmax
[%]
no rebound
70.4%
96.3%
99.5%
84.9%
87.3%
106.1%

dv
[mm]
194.10
202.43
228.05
243.96
330.92
323.54
370.56

dpc
[mm]
253.61
360.15
352.44
369.85
448.26
416.93

∆d/dv
[%]
25.3%
57.9%
44.5%
11.8%
38.5%
12.5%

Fi,max -vertical force at initial failure; Fpcr - maximum force after initial failure; dv vertical
displacement at initial failure; dpc vertical displacement at maximum force after initial failure
FAILURE PATTERN AND INTERPRETATION
In the classic configuration of 2-bolts-per-row, the failure mechanism develops as an initial
failure of the bolts adjacent to the flange in tension, followed by a sequential failure of each
bolt-row, without significant post-flexural rebound between bolt failures. In Table 4, the
failure sequence under sagging bending moment is shown (left to right), together with the
corresponding values for bending moment and rotation, recorded for a connection on the
central column.
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EXP & 2BR_O

Table 2 - Bolt failure sequence of central connection (under sagging moment) with corresponding bending
moments [kNm] and rotations [mrad]

M=91.03
ϕ=101.8

M=32.29
ϕ=126.7

M=32.42
ϕ=142.7

Mmax=141.88
ϕ=81.2

M=107.44
ϕ=143.4

M=83.80
ϕ=209.5

M=61.21
ϕ=218.1

Mmax=148.49
ϕ=86.9

M=141.86
ϕ=174.2

M=116.80
ϕ=212.1

M=132.63
ϕ=231.8

Mmax=192.76
ϕ=115.1

M=157.28
ϕ=156.8

M=123.43
ϕ=179.3

M=131.80
ϕ=215.7

M=159.54
ϕ=155.5

M=147.22
ϕ=191.22

2BR_3

2BR_2

2BR_2V

2BR_1

Mmax=129.32
ϕ=70.7

Mmax=189.06
ϕ=114.0
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Mmax=238.67
ϕ=171.8

M=144.57
ϕ=193.9

M=175.34
ϕ=234.4

M=154.61
ϕ=247.4

M=81.05
ϕ=250.4

Legend

M=221.39
ϕ=125.8

In the case of the alternative configurations featuring 4-bolts-per-row, the initial failure of the
inner bolts from the 2 upper rows occurred in a similar way as in the classic 2-bolts-per-row
configuration, each developing a slightly different failure sequence depending on the
particular geometry.
In a detailed analysis, there are some particularities which should be noted. Although the
configurations 2BR_2V and 2BR_2 are very similar, the difference in geometric position of
the outer bolts highly affect the strength of the connection, as the contribution of the outer
bolts in the first failure decreases as its distance to the centroid of the active group of bolts
increases. This confirms some previous studies which demonstrated that, the inner bolt rows
located close to the centroid of the connection noticeably increase the resistance and the
rotation capacity under column loss. These bolt rows are very important to redistribute the
internal forces developing into the connection, allowing to mobilize the catenary action under
column loss, (Cassiano, D'Aniello and Rebelo, 2017).
On another note, the differences in performance between configurations 2BR_2 and 2BR_3
are very small, minimising the advantages of the middle extra bolt in first loading steps but
improving it in later stages by slightly delaying the collapse.
By analysing the failure sequences two main conclusions can be drawn: (i) whilst analysing a
single row with four bolts, the inner row always fail before the outer bolts; (ii) however, if
considering all the rows which participate in each individual step of the failure, the outer bolts
of a row tends to fail at the same time with the inner bolts of the next row(s) if they are
adjacent to a flange. The results show that if no flange is present, the bolts tend to fail pair-bypair (inner bolts and outer bolts separately).
CONCLUSIONS
While the connection with a classic configuration of two-bolts-per-row shows a simple and
linear failure pattern, the alternative configurations featuring four bolts per row do not prove a
linear failure row-by-row, but a non-uniform pattern. When adjacent to a flange, the bolts
tend to form a resisting diagonal coupling between the first outer bolts of row with the inner
bolts of a second row. This diagonal coupling can span through two rows, in the case of
failure almost exclusively in bending, where the presence of catenary force is insignificant, or
it can span through three rows in later stages, where catenary action is significant and has the
effect of equalizing the tension of the remaining bolts, regardless of their position.
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The clear difference of behaviour between the configurations with two extra bolts (2BR_2V
and 2BR_2) at the levels of both strength and ductility show a direct correlation between the
performance of the connection and the relative position of the outer bolts, and consequently,
the potential to form diagonal couples. However, this failure patterns also challenges the
suitability of the classic analytic method of equivalent T-stub calculation for studying the
post-yielding behaviour of a bolted end-plate connection with four bolts per row.
Finally, all the configurations with additional outer bolts have recorded higher post-flexural
rebound rates than the original model, thus providing good levels of strength and ductility
after the first failure. This indicates that the addition of and outer set of bolts is a viable
solution in situation of extreme loading, where the additional bolts can delay the failure of the
connection at significant levels of strength.
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ABSTRACT
This work intends to contribute to the development and use of time domain modal
identification methods, namely the Maximum Likelihood Method (MLM) and the
Covariance-Driven Stochastic Subspace Identification Method (SSI-Cov). Both methods are
studied using numerically generated data and the SSI-Cov method is applied to the analysis of
dam vibration records, due to environmental excitation.
Keywords: time domain modal identification, Maximum Likelihood Method, dam vibrations.
INTRODUCTION
In order to characterize the degradation state of existing structures, ambient vibration tests are
used to the identification of the main modal parameters, based on the so-called modal
identification methods. Modal parameters (natural frequencies, modal damping and mode
shapes) are directly related to the actual conditions of conservation / deterioration of the
structures, since they depend on their characteristics of rigidity, mass and damping. The
methods of modal identification are divided into two main categories - time domain and
frequency domain methods. In this work are presented the time-domain methods, namely the
Maximum Likelihood Method (MLM) (Prior, A. 2015; Prior et al., 2017) and the Covariancedriven, Stochastic Subspace Identification method (SSI-Cov) (Juang and Phang, 2001).
The MLM is implemented for fully observed systems and the SSI-Cov for partially observed
systems, using MATLAB. Firstly both methods are used in order to study simple structures,
such as N-storey buildings, as fully observed systems. Subsequently, the SSI-Cov method is
applied to simple structures partially observed and is tested on the Cabril dam, based on
numerically generated records, using a 3D finite element model of the dam (considering white
noise type excitation). Finally the method is used for the analysis of actual vibration records
measured at the Cabril dam, with a continuous vibration monitoring system, installed on site
since 2008.
RESULTS AND CONCLUSIONS
For a simple 3 storey building, numerically generated records of displacements and velocities
under ambient excitation are used to compute the average trajectories that illustrate the MMV
convergence process over a time period of 200 s as presented in Figure 1, in terms of natural
frequencies fn and modal damping coefficients ξn (obtained from the eigenvalues λn estimated
state matrix: fn = |λn| / 2π e ξn = -Re(λn)/| λn | ).
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Fig. 1 - MMV convergence for natural frequencies and modal damping.

This study shows the good agreement between numerical reference values of natural
frequencies and modal damping and the estimated correspondent values. Using the SSI-Cov
method for the analysis of these data, frequencies can also be well obtained, but the modal
damping is not very well captured.
Tests with acceleration histories numerically generated with a FEM3D of a dam (simulating
"observed" histories) have shown that the SSI-Cov method can be of great interest in the
analysis of data of dam vibrations monitoring systems.
Finally, the SSI-Cov method was used in the analysis of Cabril dam measured accelerations
(Oliveira et al., 2012) and the identification results, namely, natural frequencies and mode
shapes, showed a good agreement with results obtained by spectral analysis and results of
numerical models of EF3D.
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ABSTRACT
This work compares the observed results from hybrid separation of effects models (which use
information from finite element models) with the results from finite element models, with a
particular interest in the swelling effect. Aguieira dam was the case study because it is a
structure with swelling problems. It was possible to verify that, with sufficient monitoring
data, the hybrid separation of effects models present results near the ones presented by the
finite elements models. This proves that the introduction of finite elements results in a
separation of effects model increases the robustness of the separation of effects model.
Keywords: concrete dams, finite elem. models, observed behavior over time, swelling effects.
INTRODUCTION
Dams are amongst the most important structures in our society, mainly because of their
primary functions, the risk associated to their failure on downstream populated areas, and
their initial investment cost. Dams main purposes are: the retainment of fresh water
(reservoir), the regularization of storm water flows and the energy production. Additionally,
the IPCC reports on Climate Change forecast the increase of extreme weather events,
specifically, droughts will be increasingly longer and rainfall will be more intense. This
forecast raises dam’s importance even to an higher degree. Considering the above, these
structures require a careful and rigorous monitoring, continuously in time, in order to study,
analyse and prevent eventual accidents/incidents.
This paper presents a contribution for the development of operational concrete dams
behaviour analysis methodologies, particularly for concrete dams with diagnosed swelling
problems. This objective is achieved with the upgrade of DamSafe3.0 (program that supports
dam’s observational data analysis) with integrated use of Finite Elements Models (FEM) and
Separation of Effects Models (SEM). The SEM program module enables: i) the use of
a1 (e h k − 1) + a2 (e h k − 1) + ... exponential functions to simulate water level elastic effect; ii)
determination or fixation of SEM parameters based on FEM results, namely for the functions
that simulate the water level elastic effect; iii) explicitly separate the creep effect component
related to the hydrostatic pressure, resorting to the Bazant and Panula creep law parameters;
iv) use of estimations for the self-weight creep effect resorting to the elastic response
n
determined by the FEM and to the concrete dam creep function; and v) consider c (1 − e− t β )
exponential functions to simulate the swelling effect.
1

1
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The FEM program module enables: i) 3D FEM calculus, for geometries discretized with 20
nodes isoparametric “serendipity” elements, for dam-foundation systems, subjected to the
following principal load conditions: self-weight and hydrostatic pressure, temperature
variation and swelling; ii) calculus at different water levels to obtain influence lines based on
the FEM; and iii) calculus of the structural behaviour considering the accumulated swelling
value for a determined time period; this swelling field is determined with the resort to
observed values in extensometers for the calibration of the swelling process simulation model
(Gomes, 2007), taking into account the hygrometric and thermic field evolution (Leitão,
2012) and the quantity of alkali and silica in the concrete components (for the alkali-silica
reaction).
RESULTS AND CONCLUSIONS
Aguieira dam is 90 m tall and is composed by 3 arches. The first filling was in 1980. Aguieira
dam was used as the case study for this paper. The dam behaviour over time was analysed
with the intent to characterize the structural effect of the concrete swelling identified in the
last decade. Figure 1 presents observation results in geodesy and plumb line equipment, as
well as the results determined by the FEM.

Fig. 1 - Radial displacement associated with swelling: comparison between SEM and FEM.

The results obtained for Aguieira dam enable the following conclusion: a SEM based in a
creep function for a concrete affected by a swelling process (creep values approximately
doubling the initially predicted, based on tested concrete samples from 1980), obtains a good
correlation between observed displacements (analysed through SEM) and numerically
calculated displacements (FEM), predominantly in what regards the accumulated swelling
between 1980 and 2016, as is possible to observe in Fig. 1. Additionally, the hybrid SEM
operating with information extracted from the FEM achieves the expected results from the
FEM.
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ABSTRACT
In this paper; based on previous experimental results, the buckling behavior of CFS channels
beams with both edge and intermediate stiffeners in their web subjected to pure bending has
been predicted with the aid of advanced numerical modelling. A non-linear finite element
model has been developed to investigate the flexural behavior of CFS beams and to improve
their moment capacities and observed failure modes at ultimate loads. Based on the analysis
and optimization study, a numerical prediction relationship between web stiffeners and beam
dimensions is developed.
Keywords: buckling, cold-formed steel, finite element, web stiffeners, flexural enhancement.
INTRODUCTION
Cold-formed steel structures are steel structural products that are made by bending flat sheets
of steel at ambient temperature into shapes which will supports more than the flat sheets
themselves [1]. They have been produced for more than a century since the first flat sheets of
steel were produced by the steel mills. However, in recent years, higher strength materials and
wider range of structural applications have caused a significant growth in cold-formed steel
relative to the traditional heavier hot-rolled steel structural members [2].
Cold-formed steel channels sections are commonly used in many applications including
residential construction [3, 4].These steel sections usually have large width-to-thickness ratio.
Hence, the buckling phenomena (local buckling and distortional buckling) are usually the
governing failure modes for CFS members [3, 5, 6]. In plate mechanics, the edge stiffeners;
such as lips in channel sections, and intermediate stiffeners in the web can enhance the
strength of sections by acting as out of plane supports to the flat elements of sections. Thus,
the stiffeners improve the efficiency of the utilization of material.
The finite element package ABAQUS [6.14] was used to develop a finite element model and
perform nonlinear analysis of channel beam subjected to four-point load. The sample length
1400 mm and the cross-section dimensions were used in FEM and created based on the
centerline dimensions and base metal thickness. The developed finite element model was
verified against the previous experimental results [6]. The moment capacities and failure
modes predicted by the finite element analysis (FEA) were compared with the test results.
The moment-curvature curves obtained from the test and FMA are very good agreement for
beams as shown in Figure 1 and showed to be accurate in terms of ultimate moment, failure
modes and moment-rotations curve.
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RESULTS AND CONCLUSIONS
It has been showed that FE model well predicted the moment capacity and failure modes of
the test beams. Thus, the verified model was used for extensive parametric study of 160
beams with stiffened channel sections subjected to bure bending.
The most significant enhancement of stiffness behaviour appears between the appearance and
varying dimensions of web stiffener as shown briefly in Figure 2.

Fig. 1 - Comparison of moment-curvature curve
obtained from test and FEA for C-beam

Fig. 2 - Comparison of moment-curvature curve
obtained from FEA for C-beam with (a) out
stiffeners (b) comp. flange stiffener (c) web
stiffener (d) both flange and web

This study shows that, geometric failure may occur before section yielding. So, the presence
of buckling phenomena of an element does not necessarily mean that its load capacity has
been reached. The intermediate and edge stiffeners can significantly enhance the performance
of channel beams in bure bending. This study presents also a numerical prediction
relationship between web stiffeners and beam dimensions.
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ABSTRACT
Excessive moisture content poses one of the main problems affecting masonry structures,
their durability, thermal performance and health of inhabitants. Moisture removal from
damped construction represents an important task for both description of capillary water
suction phenomena and technical solution dealing with moisture removal. This study presents
an analysis of the properties of cement-lime plasters and their effectivity for drying of
masonry walls. The basic physical, mechanical and hygric properties of analyzed plasters are
determined in laboratory conditions. The studied plasters are also applied as surface layers of
masonry columns, exposed to outdoor climatic conditions and controlled moistening, and
their hygric performance in situ is monitored using the time domain reflectometry
measurements. The obtained data can be utilized in the subsequent computational service life
assessment of the studied plasters.
Keywords: moisture content, hygric properties, time domain reflectometry, plaster, brick.
INTRODUCTION
The building exposure to outdoor climatic conditions is related to deterioration of building
materials. A proper understanding of moisture transport in the porous structure of building
materials represents an important knowledge for design of effective and durable materials
with increased endurance against degradation processes connected with excessive moisture
content. Especially, old masonry constructions suffer from disintegration of lime plasters,
frost damage during winter period and related biological and chemical corrosion processes
accompanied with the moisture uptake (Franzoni, 2014).
The capillary moisture action is responsible as major factor inducing rising damp in masonry
structures. The excessive moisture content in building walls represents a significant problem
related to the unsuitable indoor thermal-hygrometric conditions (Derluyn et al., 2011).
Damped walls often induced very high values of indoor relative humidity together with mold
growth. These phenomena are strongly connected also with negative effects on inhabitant
health and pose a significant risk (Torres and de Freitas, 2007). Moreover, the occurrence of
water in building structures negatively affects their thermal performance due to high thermal
conductivity of water, where 1 wt.% can induce an increase of thermal conductivity of
masonry wall by about 5 % (Fassina et al., 2002). The water presence in porous structure of
building materials is also accompanied with the negative impact on mechanical parameters.
The excessive moisture content is often present in the old masonries, namely almost a half of
conducted reconstruction works is linked with the occurrence of rising damp and hygroscopic
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salts (Ahmad and Rahman, 2010). Based on the described reasons, the occurrence of rising
damp constitutes a challenging task for consequent remediation provisions. The removal of
rising damp constitutes a complicated issue and often the performed work is focused only on
the removal of the damaged material and its replacement without any intervention for
moisture removal.
Across the literature it is possible to distinguish many repair scenarios aimed at dealing with
excessive moisture content in masonry walls (Healy, 2003). These systems can be divided
into several categories such as: systems based on the reduction of water flux ingress
(D´Agostino, 2013), systems based on the reduction of wall sorptivity (Terheiden, 2008),
systems based on electrokinetic phenomena (Bertolini et al., 2009), and those based on
evaporation increase (Hughes, 2012). The possibility of reduction of the wall sorptivity is
often limited due to the construction problems or other unique issues.
The application of plasters with the improved hygric properties can be perceived as an
efficient method how to promote moisture evaporation from the damped masonry. These
types of plasters can be divided into several categories, but the mechanism of water transport
and salt crystallization is still not fully elucidated (Pavlíková et al., 2011; Lubeli et al., 2006).
An important part of the efficient restoration of damped construction consists in precise
evaluation of the initial state of the studied object. The precise measurement of the material
moisture content together with the consequent assessment of the adopted precautions
represent another important issue (Rirsch, 2010). The estimation of the moisture content by
gravimetric methods is the most often employed technique. However, this method has several
weaknesses, namely low sensitivity, destructivity, unsuitability for long term evaluation and
serious inconsistency (Roels et al., 2004). The employment of the non-destructive
determination method can be perceived as a more suitable solution for such analysis. The
utilization of the Time Domain Reflectrometry (TDR) can be easily adopted for the long-term
evaluation and monitoring of moisture content in brick masonry (Pavlík et al., 2012). The
mentioned method is usually employed for determination of moisture content in soils, but its
potential can be utilized also in other fields. The method is based on the measurement of
permittivity which can be easily calibrated for determination of the moisture content. The
main advantage of this method is based on its applicability for the long-term measurements
without any further destructive techniques.
This study is aimed at the evaluation of contemporary plasters and their effectivity in field of
material drying. On this account studied materials were characterized and consequently
applied on brick columns placed outdoor. The development of moisture content was
continuously monitored by the Time Domain Reflectometry (TDR) probes.

STUDIED MATERIALS
Three different types of contemporary plasters used in the Czech Republic were subjected to
the evaluation of their properties and efficiency for damped masonries. The samples were
prepared according to the instructions of the plasters producer (Baumit). All studied plasters
contained silica aggregate with dimension to 2 mm. Characterization of studied plasters is
given in Table 1.
Casted material samples were stored for 28 days in highly humid environment and
consequently dried and subjected to material characterization.
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Table 1 - Characterization of studied plasters
Material

Characteristic

w/ds

PL1

Baumit GrobPutz Maschinell - core plaster

0.17

PL2

Baumit Sanova W - renovation plaster

0.40

PL3

Baumit Sanova P - renovation plaster

0.34

MEASUREMENT TECHNIQUES
The determination of basic physical properties of studied plasters included the bulk density,
matrix density, and total open porosity. Measurement of the bulk density was done on five
cubic samples of 50 mm side and determined from the measurement of sample sizes (using
digital caliper) and its dry mass. The matrix density was accessed by helium pycnometry
using apparatus Pycnomatic ATC (Thermo Scientific). The accuracy of the gas volume
measurement using this device is ±0.01% from the measured value, whereas the accuracy of
used analytical balances is ±0.0001 g. The measurement of bulk density uncertainty was 5.3%
and 3% for matrix density.
Sorption and desorption isotherms were obtained by dynamic vapor sorption device DVSAdvantage, whereas the measurements were done at 21 °C. Samples were placed into the
climatic chamber of the DVS-Advantage instrument and hung on the automatic balances in
the special steel tube. The device measures the uptake and loss of vapor gravimetrically, using
highly precise balances having the resolution of 1.0 µg. The particular samples were exposed
to the following partial water vapor pressure profile: 0; 20; 40; 60; 80; 90; and 98% of relative
humidity (RH). Each step in RH during the DVS measurement is incremented either when a
stable mass is achieved with mass change less than 0.00004% /min or a maximum time
interval of 400 min is reached (Fořt et al., 2014).
A hydraulic testing device VEB WPM Leipzig having a stiff loading frame with the capacity
of 3000 kN was employed for the measurement of compressive and bending strength.
The cup method was employed for the characterization of water vapor transport. The method
is based on one-dimensional water vapor transport and determination of the diffusion water
vapor flux through the specimen and measuring partial water vapor pressure in the air under
and above specific specimen surface. Plaster samples were placed on the top of a stainlesssteel cup sealed by technical plasticine. For the measurement five samples with dimensions of
100 x 100 mm and 50 mm thickness were used. The cup contained sorption material, in our
case silica gel. Measuring cups were placed in a controlled climate chamber and weighed
periodically. The steady state values of mass gain or mass loss were utilized for the
determination of the water vapor transfer properties.
The ability of the plasters to transport liquid water was described by the measurement of the
water absorption coefficient A (kg/m2s1/2). The applied sorptivity test is based on one
dimensional free water uptake when lateral sides of a sample are insulated by a waterproof
material.
The TDR method is based on launching electromagnetic waves and measuring the time
interval between launching waves and detecting the reflections from the end of the
transmission line. The device used for observation of the electromagnetic pulse echo in the
time domain is an important element in any TDR equipment. TDR/MUX/mts cable tester
(Easy Test) connected with PC for data logging and equipped by 8 miniprobes LP/mt was
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used in the measurements in this paper. Sensors consisted of two 53 mm long parallel
stainless-steel rods, 0.8 mm in diameter and separated by 5 mm. According to the information
provided by the producer, the measuring range of the relative permittivity is from 2 to 90, the
absolute uncertainty is 2 for ɛ ≥ 6 and 1 for 2 ≤ ɛ ≤ 6 (Pavlík et al., 2012). The probes were
placed into the tested brick masonry columns built from bricks with following parameters:
bulk density - 1 691 kg/m3, matrix density - 2 659 kg/m3 and total open porosity - 36.4%. The
TDR probe arrangement is given in Figure 1. Columns were moistened in order to simulate
damped construction and continuously monitored by TDR probes to access the effectivity of
the applied plasters to evaporation of moisture.

Fig. 1 - A: TDR probes placement; B: detail of the TDR probe and multiplex

RESULTS AND DISSCUSION
The basic material properties of applied plasters were firstly determined in order to provide a
coherent comparison of used materials. The obtained results pointed at similar characteristics
of applied plasters with only minor differences. Namely, a higher bulk density of Baumit core
plaster denoted as PL1 was in a relation to its lower total open porosity, as compared to the
renovation plasters PL2 and PL3. The basic material properties of applied plasters are given
in Table 2.
Table 2 - Basic material properties of studied plasters
Material

Bulk density (kg/m3)

Matrix density (kg/m3)

Total open porosity (%)

PL1

1 621

2 643

45.1

PL2

1 110

2 495

56.1

PL3

1 145

2 480

53.6
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Mechanical properties of the studied plasters were analyzed by the measurement of the
compressive and flexural strength. The obtained results are given in Table 3. Considering the
values of the total open porosity, the correlation between basic physical properties and
strength can be find. PL1 and PL3 plasters exhibited better mechanical performance compared
to the PL2. Notwithstanding, the achieved values were still satisfactory and comparable with
the plasters investigated by other researchers.
Table 3 Mechanical properties of studied plasters
Material

Compressive strength (MPa)

PL1

5.98

Flexural strength
(MPa)
2.84

PL2

4.65

1.91

PL3

6.36

2.43

Moisture transport properties are showed in Table 4. Here, the information on the ability of a
material to transport liquid water by determination of water absorption coefficient factor is
accessed. The water vapor transport properties are described by the water vapor diffusion
resistance factor. The transport parameters of liquid water exhibited significant differences,
the water absorption coefficient of both renovation plasters (PL2, PL3) was substantially
reduces compared to the PL1 core plaster. The water vapor diffusion resistance factor was
almost the same for all plasters, despite of the producer's statement of the enhanced diffusion
properties of renovation plasters.
Table 4 - Hygric properties of studied plasters
Material

Water absorption coefficient
(kg/m2s1/2)

Water vapor diffusion resistance
factor (-)

PL1

0.1203

9.94

PL2

0.0366

8.23

PL3

0.0257

8.84

Moisture storage parameters of studied plasters were accessed by the measurement of sorption
and desorption isotherms (Figure 2).

Fig. 2 - Sorption and desorption isotherms
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The highest moisture storage capacity was achieved by the renovation plaster PL2, for PL3 it
was somewhat lower, and the lowest capacity showed the core plaster PL1, which agreed with
the designation of the particular plasters. The explanation lays probably in the characteristics
of the pore system. According to the findings of Abadie and Mendoca (2009) it is possible
find correlation between pore size distribution and moisture storage parameters. In general,
materials with the lower pore diameter provide significantly higher moisture storage
capability in comparison with materials formed by larger pores.
The results of moisture monitoring are presented in Figure 3, where a comparison of moisture
content in tested columns is showed. The data point at a different effectivity of the applied
plasters for moisture evaporation. Here, an overall better capability to remove excessive
moisture content from masonry was found for PL2 restoration plaster, as compared to the
other two applied plasters. PL3 renovation plaster, despite of the similar material properties
did not provide a better ability for moisture removal than the ordinary core PL1 plaster. After
60 days of continuous monitoring of moisture content by TDR probes calibrated by periodical
gravimetrical measurement, the moisture content was decreased by about 0.02 kg/kg for PL2.
Other two applied plasters induced a moisture decrease of only about 0.005 kg/kg.

Fig. 3 - Development of moisture content in studied brick columns

In the light of results from the performed measurement it is possible to distinguish a good
correlation between the laboratory obtained material properties and the effectivity in the field
measurements of masonry moisture removal. The elucidation of the overall better effectivity
of PL2 plaster for masonry moisture removal can be assigned to the lower water vapor
diffusion resistance factor and higher moisture storage capacity of PL2, as compared to the
other two plasters.
CONCLUSIONS
The presented study revealed a different behavior of analyzed plasters in the relation to the
excessive moisture content in masonry columns. Therefore, a detailed understanding of used
materials constitutes the basic prerequisite for a successful application of protective and
remediation measures in damped constructions. The employed TDR measurement technique
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was proved as an efficient technology for the continuous monitoring of moisture content
development. The performed moisture removal experiment carried out pointed at a different
effectivity of the applied plasters on the brick columns. The best capability in that respect was
achieved by the PL2 renovation plaster. The apparent reason was the lower water vapor
diffusion resistance factor and higher moisture storage capacity of PL2, as compared to the
other two plasters.
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ABSTRACT
End plate bolted connections are widely used in steel framed constructions. They can be
designed to range from flexible and partial resistant connections to stiff and full-strength
connections. The main source of frame deformability in case of redistribution of the loads
under a column removal may be the flexural yielding of the beam or the flexural yielding of
the end-plate, depending on whether the plastic yield moment of the beam can be attained or
not. In both cases, bolt fracture limits the strength and deformation capacity and may prevent
the beam from developing significant (or full) catenary action under large deformations. The
study presents the results of a parametric numerical study carried out on a set of bolted beamto-column connections with extended end plates. The main parameters are the span to depth
ratios for steel beams, capacity ratio for connections in terms of strength (i.e. partial strength
and full strength). For partial strength connections, different configurations will be considered
to cover all possible failure modes (i.e. complete yielding of the flange, bolt failure with
yielding of the flange, and bolt failure). Numerical studies employ finite element models
calibrated against experimental data. The results showed that, in order to ensure a ductile
behaviour as required for developing a catenary action, the capacity design philosophy should
be followed in the design of connections.
Keywords: T-stub, catenary action, strength capacity, deformation capacity, failure mode.
INTRODUCTION
The commonly adopted practice in the design and detailing of beam to column connections of
steel frame buildings give satisfactory results in most normal loading conditions. Analytical
tools, for example the component method from EN1993-1-8 [1], are enough accurate to
predict the stiffness and strength, while ductility characteristic can be approximated using
some simplified formulations or other means (e.g. finite element models or experimental
testing). Supported by extensive research programs, the prediction of seismic response
parameters was also continuously improved over the last decades. However, for some
particular loading events, for example column removal conditions following a blast or impact,
there are still many questions to be addressed and studied, including the ultimate strength and
deformation capacity of connections, both under static and dynamic conditions. The capacity
of beam to column connections to withstand the forces and deformations that may develop in
the structure following a column removal represents a key factor in the development of
alternate load paths (AP). The AP method, with its emphasis on continuity and ductility, is
similar to current seismic design practice. However, there are specific problems which need to
be considered [2]. Bolted end-plate connections, which are widely used in steel framed
constructions, can be designed to range from flexible and partial resistant connections, to stiff
and full strength connections. The interaction between the bolts (diameter, class, distance) and
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the end-plate/column flange (thickness, class) plays a key role in this classification. When
steel frames are loaded in the post-elastic range, the main source of ductility may be the
flexural yielding of the beam or the flexural yielding of the end-plate, depending on whether
the plastic yield moment of the beam is achieved or not. In both cases, bolt fracture limits the
strength and deformation capacity and prevents the beam from developing significant (or full)
catenary action under large deformations. The study presented in the paper investigated the
response of bolted beam to column connections under large deformations conditions
associated with the loss of a column.
RESULTS AND CONCLUSIONS
The parametric numerical study was carried out on a set of bolted beam-to-column
connections with extended end-plates. The numerical models were calibrated against
experimental data obtained for two end plate bolted connection configurations (see Figure 1).
The main parameters were the span to depth ratios for steel beams, the capacity ratio for
connections in terms of strength and stiffness (i.e. partial strength and full strength/ rigid and
semi-rigid), and the distribution of gravity loads on the beams. Figure 2 shows the vertical
force vs. vertical displacement curves for two end plate connection configurations, with the
increase in ultimate capacity as the bolt diameter increases from 16 mm to 20 mm.
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Fig. 1 - Experimental test set-up and column loss test results
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Fig. 2 - Vertical force vs. vertical displacement curves for end plate connections: a) 16 mm
diameter bolts; b) 20 mm diameter bolts (bolts are class 10.9)

ACKNOWLEDGMENTS
The authors gratefully acknowledge the funding by Romanian National Authority for
Scientific Research and Innovation, CNCS/CCCDI - UEFISCDI, under grant PN-III-P2-2.1PED-2016-0962, within PNCDI III FRAMEBLAST (2017-2018).
REFERENCES
[1] CEN, Eurocode 3: Design of steel structures - Part 1-8: General rules - Design of joints.
Brussels: European Committee for Standardisation, 2005.
[2] DoD, Unified facilities criteria: design of buildings to resist progressive collapse.
Washington (DC), US: United States Department of Defence, 2016.
-554-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7192

APPLICATION OF A COMPLETE STRUCTURAL HEALTH
MONITORING CHAIN ON THE CANADIAN RIVIÈRE-AUX-MULETS
BRIDGE NUMERICAL MODEL SUBJECTED TO A SEISMIC LOAD
Farouk Frigui1,2(*), Jean-Pierre Faye1, Carmen Martin1, Olivier Dalverny1, François Peres1,
Sébastien Judenherc2
1
Ecole Nationale d’Ingénieurs de Tarbes, LGP, 47 avenue d’Azereix, 65016 Tarbes, France
2
STANEO, 2 rue Marcel Langer 31600 Seysses, France
(*)
Email: ffrigui@enit.fr

ABSTRACT
The surveillance of civil engineering structures has become increasingly important over the
last decade. Nowadays, several methods and means of Structural Health Monitoring (SHM)
exist. They help to detect, localize and quantify damage, and predict the remaining service life
of structures. One of the major challenges in the SHM field of civil engineering structures is
to define a global and reliable methodology of damage detection and localization. In this
paper, a complete chain of surveillance is set up on a three-dimensional Finite Element (FE)
model of the Canadian Rivière-Aux-Mulets bridge, created with the ABAQUS software. The
structure is damaged by a true seismic signal and a set of Vibration-Based Damage Detection
Methods (VBDDM) is applied to detect and to localize the damage.
Keywords: Structural Health Monitoring (SHM), Operational Modal Analysis (OMA),
dynamic behavior, seismic load.
INTRODUCTION
Structural damage in civil engineering is essentially related to the environment where the
structure is located. In fact, temperature change, aging of materials, human activities and
natural disasters have a direct influence on the performance of structures. Therefore, civil
engineering supervision has become very important over the last decade. Today, there are
several methods of monitoring allowing the understanding of the structure’s dynamic
behaviour. These methods, also called Vibration-Based Damage Detection Methods
(VBDDM), consist in the monitoring of the temporal evolution of dynamic characteristics
such as eigen-frequencies and mode shapes (Ndambi, 2002). These dynamic characteristics
can be identified on a real structure from its output response using Operational Modal
Analysis (OMA) techniques, under white noise assumption.
In this context, we present the monitoring of the numerical model of the Canadian Rivièreaux-Mulets bridge subjected to a seismic load. The experimental SHM chain was carried out
numerically. OMA algorithms were implemented in MATLAB to identify eigen-frequencies
and mode shapes from these responses: the Stochastic Subspace Identification (SSI-COV)
method was used to identify eigen-frequencies and the Frequency Domain Decomposition
(FDD) was used to identify mode shapes. Identification results were compared to that of
Abaqus. Finally, the detection and the localization of damages were made by applying the
VBDDM methods, namely: eigen-frequencies method (∆O, Modal Assurance Criterion
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(MAC), Mode Shape Curvatures Method (MSCM), Curvature Damage Factor (CDF) and the
Flexibility Curvature method (FC).
1. DAMAGE DETECTION AND LOCALIZATION:
The surveillance methods, most commonly used in civil engineering, are based on the relation
that exists between the change of the physical properties, and the variations of dynamic
characteristics: variations of eigen-frequencies, mode shapes and damping. Thanks to this
causal link, monitoring the evolution of these characteristics represents an accurate method of
health monitoring (Carden, 2004). These techniques help choosing actions of rehabilitation on
damaged structures, leading consequently to an optimization of maintenance costs. This
principle has received considerable attention during the past two decades. However, the
problem lies in the setup of a correct correlation between the variations of the dynamic
characteristics, the appearance of the damage and its location.
Here in, we present a non-exhaustive list of detection and localization methods commonly
used in civil engineering. The implementation, advantages and disadvantages of each method
are presented.
1.1. Eigen-frequencies changes (∆O
The damage induces a change in the structure’s behaviour, particularly a shift of the eigenfrequencies. This dynamic characteristic reflects the overall behaviour of the structure. Thus,
the monitoring of the frequencies is a sensitive damage indicator. Eigen-frequencies method
is computed as follows (Salawu, 1997):
∆f 

fQR  fQS
fQR

(1)

Where O T and O 7 are respectively the eigen-frequencies of the ith mode. u and d denote
respectively the undamaged and the damaged state.
Since the eigen-frequency is an intrinsic property of the structure and no spatial information
are required for its application, this technique addresses the overall structure and, as a result,
allows only detection of damage (Farrar, 2001).
1.2. Modal Assurance Criterion (MAC)
Since the mode shapes are sensitive to the structure’s state, their follow-up allows detecting
damages. In order to compare the mode shapes of a healthy structure to those of the damaged
one, the MAC can be used. It’s computed as follows (Allemang, 1982):
MACVW 

V

∑[Q\ᴪR Q ᴪS Z
Q 

∑[Q\ᴪR VQ  ∑[Q\ᴪS WQ 

(2)

With ᴪT and ᴪ7 are respectively the undamaged and the damaged sets of mode shapes. n is the

number of modes.

MAC is used to determine the similarity of two mode shapes. If the mode shapes are identical,
then MAC will have a value of 1. If the mode shapes are different due to the damage, the
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MAC value will be less than 1 (Pastor, 2012). The most interesting values are those of the
diagonal because they reflect the correlation between the shapes of the same mode. This
method has two major disadvantages. In the first place, for low damage and according to its
position, it can be detected by the MAC method using higher order modes (Lam, 1998). These
modes are more sensitive to damage and difficult to identify experimentally. In the second
place, it only allows detection of damages without localization.
1.3. Mode Shape Curvature Method (MSCM)
This method is very sensitive to small disturbances caused by damages (Salane, 1990). It can
be computed using the central difference approximation as follows (Pandey, 1991):
ᴪ" Q,V 

ᴪQ_,V  2ᴪQ,V  ᴪQ/,V 
h

Δᴪ" Q,V  |ᴪ" Q,V  ᴪ" Q,V |
R

S

(3)
(4)

Where ᴪ ,c and ᴪ" ,c are respectively the displacement and the mode shape curvature at the d 9e
node and f 9e mode. h is the distance between two consecutive measurement nodes. u and d
denote respectively the undamaged and damaged structure.
Unlike the methods presented above, this technique allows to locate the damage. However,
the choice of the mode is very important. Indeed, some modes are less sensitive to damage
than others and can induce misleading information (Foti, 2013)
1.4. Curvature Damage Factor (CDF)
In order to avoid the problem of choosing an appropriate mode in MSCM and to reach global
information concerning the damage, one can use the Curvature Damage Factor (CDF)
(Wahab, 1999). It consists in averaging the variations of the mode shape curvature with
respect to the number of considered modes N:
"
"
∑i
[\ |ᴪ Q,V  ᴪ Q,V |
CDF 
N
R

1.5. Flexibility Curvature (FC)

S

(5)

Damage in the structure induces and increases in its flexibility. Thus, follow-up flexibility
curvature can allow damage detection and localization. Flexibility matrix can be computed as
follows (Pandey, 1995):
[

Fk
Q\

1
ᴪ ᴪm
wQ Q Q

(6)

Where n is the d 9e eigen-frequency and ᴪ is the mode shape matrix mass-normalized to unity
(ᴪ9 oᴪ  1.
The flexibility converges rapidly by increasing the frequency, thus a few lower modes provide
a good estimation of the flexibility matrix. Generally, the first two modes are sufficient.
The flexibility curvature method is computed following the steps below:
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1- Computing the flexibility variation matrix:
2- Computing the maximum absolute value:
3- Computing the flexibility curvature:

∆p  pT  p7
rrr
ϒq 

sL |∆p c | (Ndambi, 2002)

z{
vwxy z{|y /v
rtrrquur  rrrrrr_v
(Zhang, 1995)
}
e

(7)
(8)
(9)

With pT is the initial flexibility matrix corresponding to the undamaged structure and p7 is the
final flexibility matrix corresponding to the damaged structure. h is the distance between two
consecutive measurement nodes.
2. OPERATIONAL MODAL ANALYSIS (OMA) TECHNIQUES:The SHM techniques,
previously presented, use natural frequencies and mode shapes. These characteristics can be
identified experimentally using Operational Modal Analysis (OMA) methods (Cunha, 2005).
In this section, we present two methods essentially: the Stochastic Subspace Identification
technique (SSI) for the identification of eigen-frequencies and the Frequency Domain
Decomposition (FDD) for the identification of mode shapes. Both techniques were chosen for
their efficiency and robustness (Greiner, 2009; Ghalishooyan, 2015).
2.1. The Stochastic Subspace Identification (SSI):
In the case of a time-invariant linear dynamic model, the state-space model in discretized
domain can be written as (Basseville, 2001):

xW_  AxW  wW
(10)
yW  CxW  q W
Where L_ is the (2n×1) state vector at the time instant (k+1)∆T, ∆T is the sampling period,
 is the (l ×1) output vector at the time instant k∆T. A is the transition matrix, C is the
observation matrix. w ϵ B× and q ϵ × are respectively the process and the measurement
noises and are assumed to be white noises.

The transition matrix A contains all the modal information. Indeed, its eigenvalues
related to the eigen-frequencies through the next equation (Peeters, 1995; Peeters, 2000):
λQ  
λQ  

fQ  Re 
  Im 
 2π
ΔT
ΔT

are

(11)

Where Re and Im denote respectively the real part and the imaginary part.
The purpose of the SSI algorithm is to identify the transition matrix A from the structure's
response. This can be achieved using the covariance matrix of the outputs _  and  . It
can be written as (Xie, 2016):
ᴧQ  CAQ/ G
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Where   ;  9  ,  is the covariance matrix of the state vector L and  is the
covariance matrix of n and ? . t denotes the transpose operator.
The SSI’s algorithm is setup following these steps (Kuts, 2016):

• Step 1: Gathering the covariance matrices of the outputs into the Hankel block matrix
H as follows:
CA G
CA G
…

⋮
⋮
H   CA G
⋮
⋮
⋮

_
CA G CA G …

CA/ G
CA G 
⋮
_/
CA
G

(13)

• Step 2: Decomposition of the Hankel block matrix H into three matrices U, S and V
using the Single Value Decomposition (SVD):
H  USV m  U S .¤ S .¤ V m  O ∗ K

(14)

O  U S .¤

(15)

C
CA

CA
CA

°̄

°̄
O↑  ¬ CA
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⋮
⋮
«CA/ ®
«CA ®

(16)

A  O↑ O↓

(17)

Where O is the observability matrix and K is the controllability matrix.
• Step 3: Identification of the observability matrix O using equation (14)
• Step 4: Computing the shifted matrices ¨↑ and ¨↓ . ¨ ↑ is obtained by removing the
last block row and ¨↓ is obtained by removing the first block row of the
observability matrix O as follows:

• Step 5: Identification of the transition matrix A
#

Where # denotes the Moore-Penrose pseudo-inverse.
• Step 6: Identification of eigen-frequencies using equation (11).

2.2. The Frequency Domain Decomposition (FDD):
Under assumption of a white noise excitation, mode shapes can be estimated from the spectral
density (Brincker, 2000). The inputs L² and the outputs ² are related through the next
equation:
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G³³ jw  FRFjwGµµ jwFRFjwm

(18)

Where  fn and ¶¶ fn are the input and the output Power Spectral Density (PSD)
matrices.  fn is constant given that excitation is considered as a zero-mean white noise.
p pfn is the Frequency Response Function matrix.

Under the assumption of a lightly damped structure and white noise excitation, ¶¶ fn can
be written as follows:
m
dW фW фmW d∗W ф∗W ф∗W
G³³ jw 
k

(19)
jw  λW jw  λW ∗
W ⋲ºR»¼

Where ½ is a scalar constant and ¾¿Àn is a set of modes that contribute at a particular
frequency. ф is the mode shapes matrix,     fn7 are poles and n7 is the damped
natural frequency. The superscripts * and t denote respectively the complex conjugate and the
transpose operator.
The FDD algorithm is executed following these steps:

• Step 1: Computing the Power Spectral Density matrix fn:
PSD jw
CSD jw
Gyyjw  
CSDÂ jw
CSDD jw

CSD jw CSDÂ jw CSDD jw
PSD jw CSDÂ jw CSDD jw

CSDÂ jw PSDÂÂ jw CSDÂD jw
CSDD jw CSDDÂ jw PSDDD jw

(20)

Where ÃÄfn denotes the power spectral density and Äfn denotes the Cross
Spectral Density. fn is the Power spectral density matrix of 4 measured degree
of freedom.
• Step 2: Performing SVD decomposition of fn at eigen-frequencies (Wang,
2016):
G³³ jw  фΣфÆ
(21)

Where the diagonal value of  are the singular values and the columns of ф are the
singular vectors.
• Step 3: If only one mode is dominating at a particular frequency, then only one
singular value will be dominating. Thus the mode shape Ѱd corresponds to the first
eigenvector (Gade, 2005):
2.

Ѱd  ф 

(22)

3. NUMERICAL SIMULATION:
The Rivière-aux-Mulets bridge, located on Highway 15 in Sainte-Adèle in the north-west of
Montreal - CANADA, was modelled on Abaqus software and the damage was introduced by
a true seismic load (Figure 1). The model consists of three concrete piers and three concrete
spans. The left and right spans are 40.8 m long and the central span is 80.4 m long (Talbot,
2005). The north and south abutments have not been modelled. The span-abutments and
span-pier connections are modelled by spring elements.
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Fig. 1 - Rivière-Aux-Mulets bridge: (a) Street view; (b) Numerical model and location of the 11 sensors.

Acceleration (m/s²)

The L'Aquila earthquake accelerogram is used in this numerical simulation. The earthquake
occurred in the Abruzzo region in Italy. Its magnitude rose to 6.3 on the moment magnitude
scale. The earthquake damaged about 10,000 buildings making this earthquake the deadliest
in Italy. The signal recorded at the AQV station was used to damage the numerical model
(Figure 2). The purpose being to damage the structure, the signal amplitude is reduced to 50%
and only 10 seconds of the signal are used to excite the model in theÈÈÉ
L and ÈÈÉ
Ê directions.
Eleven sensors were considered to record the response of the structure to white noise
excitation before and after the damaging event in the É direction (Figure 1). They were
placed in a linear and equidistant manner to have an accurate reflection of the mode shapes.
3
2,5
2
1,5
1
0,5
0
-0,5
-1
-1,5
-2
0

2,5

5

7,5

10
12,5
Time (s)

15

17,5

20

Fig. 2 - Vertical acceleration recorded at station AQV for 2009 L’Aquila earthquake, 2.5 mile from the
earthquake epicenter (www.strongmotioncenter.org )

The numerical model takes into account the complex and non-linear behaviour of the
concrete. The recognition of crack patterns is made through the elasto-plastic damage model:
Concrete Damage Plasticity (CDP). The CDP is recommended for analysis of concrete
structures subjected to cyclic loadings and is governed by the following equation (Jankowiak,
2005):
Í
( 23)
σ  1  dDÌÍ
 : ε  ε 

Where  is Cauchy stresse tensor, d the scalar stiffness degradation variable, ÄA the
undamaged elastic stiffness of the material, Î the strain tensor and Î Ï the plastic strain tensor.

The major mechanisms of rupture for this model are tensile cracking and compression
crushing. The damaged concrete response is characterized by two independent damage
variables DamageT and DamageC, which are assumed to be dependent on plastic strain and
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temperature. They range from 0 for undamaged material to 1 for completely damaged
material. In the case of our work, no dependence on temperature is considered. The
constitutive parameters of the concrete class B50 damaged plasticity model were used (Table
1).
Table 1 - Constitutive parameters of the concrete class B50 damaged plasticity model (Jankowiak, 2005)

Concrete compression
hardening

Concrete compression
damage

Concrete tension
stiffening

Concrete tension
Damage

Stress
[MPa]

Crushing
strain

DamageC

Crushing
strain

Stress
[MPa]

Cracking
strain

DamageT

Cracking
strain

1.500E+01

0.000

0.000

0.000

1.999

0.000

0.000

0.000

2.020E+01

7.473E-05

0.000

7.473E-05

2.842

3.333E-05

0.000

3.333E-05

3.000E+01

9.885E-05

0.000

9.885E-05

1.870

1.604E-04

4.064E-01

1.604E-04

4.030E+01

1.541E-04

0.000

1.541E-04

8.627E-01

2.798E-04

6.964E-01

2.798E-04

5.001E+01

7.615E-04

0.000

7.615E-04

2.263E-01

6.846E-04

9.204E-01

6.846E-04

4.024E+01

2.558E-03

1.954E-01

2.558E-03

5.658E-02

1.087E-03

9.801E-01

1.087E-03

2.024E+01

5.675E-03

5.964E-01

5.675E-03

5.258

1.173E-02

8.949E-01

1.173E-02

After the seismic event, the model is found to be substantially damaged at the measuring
nodes 3, 6 and 8 (Figure 3).

Fig. 3 - Distribution of tensile damage variable (DAMAGET)

The complete experimental SHM chain was carried out numerically. Meaning, the sensors
were modelled by model-related nodes, and the response of the structure was recorded. In the
first place, the structure was excited by a white noise in its undamaged state and its
acceleration was recorded. In the second place, the structure was damaged by a seismic signal,
excited by a white noise and its acceleration was recorded. Three types of analysis were used
on Abaqus: Dynamic explicit to introduce the seismic excitation, Modal dynamics to record
the structure’s response and Frequency for modal analysis and to allow damage to appear.
The different steps, mentioned above, are summarized in Figure 4.
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We are interested only in the first two modes of bending in this direction afterwards. The
complete SHM chain was performed using the accelerations of the structure in both states: the
initial and the final state.

Fig. 4 - Flowchart explaining the different steps of the numerical studies allowing this work

4. RESULTS
4.1. Frequencies and mode shapes identification
The SSI algorithm was implemented using the response of the structure to a white noise.
The eigen-frequencies of the first modes have been successfully identified.
Table 2 - Result of eigen-frequencies identification using SSI algorithm
Before the damage

After the damaging event

Mode

Abaqus

SSI-COV

Error (%)

Abaqus

SSI-COV

Error (%)

1

1.52

1.52

0

1.49

1.48

0.5

2

2.57

2.59

-0.62

2.56

2.54

0.7

Results obtained by the finite element analysis and the Stochastic Subspace Identification
method are very close (Table 2). The identification errors, not exceeding 1%, testify to the
robustness of this AMO technique. These eigen-frequencies correspond to the 1st and 2nd
bending modes in the É direction (Figure 5).

The FDD algorithm was implemented using SSI results and the same response of the structure
to a white noise. Comparison of the first two estimated mode shapes with corresponding FE
model ones is shown in Figure 6. Good agreement between the estimated mode shapes by
FDD and the numerical ones can be observed.
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Fig. 5 - The mode shapes of vibration: (a) first bending mode 1.523 [Hz], (b) second bending mode 2.574 [Hz]

Fig. 6 - Table 1 Result of mode shape identification using FDD algorithm

4.2. Damage detection
Using the eigen-frequency method, the damage was detected thanks to a reduction of 2.63%
in the first bending mode and a reduction of 1.93% in the second one (Figure 7).
Unfortunately, in real life situations, such values do not allow to define the state of the
structure. Damage is detected with confidence only when the shift of frequencies is 5% or
more. Shifts lower than 5% can be explained by hygrothermal effects (Alvandi, 2003).

Fig. 7 - Shifts of the eigen-frequencies after the seismic event
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The damages are not detected using the MAC criterion applied to the first mode shapes, since
the values of MAC remain relatively close to 1 without any relevant indication of a defect
(Figure 8a). Using Abaqus’s results, the damages are detected in the 11th mode, indicated by a
value 0.7 diagonally, which satisfies the detection condition (Figure 8b).

Fig. 8 - Modal Assurance Criterion: (a) two modes; (b) eleven modes

4.3. Damage localization
For the localization level, significant variations in the mode shape curvatures have been
noted. These variations were located between node 6 and 8 in the first mode (Figure 9a) and
around the node 4, 6 and 8 in the second mode (Figure 9b). Variations were also observed
using the CDF between node 6 and 8 (Figure 10).

Fig. 9 - Mode Shape Curvature Method: (a) 1st bending mode, (b) 2nd bending mode

Using the first two modes, the flexibility matrices were calculated. Figure 11 shows the
evolution of flexibility curvature along the bridge. Maximums are noted in the damaged areas
(node 3, 6 and 8).
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Fig. 10 - Curvature Damage Factor

Fig. 11 - Flexibility curvature index

CONCLUSION
In this article, a complete chain of SHM of civil engineering structures was set up on a
numerical model. The chosen model is the Rivière-Aux-Mulets bridge. It was damaged by the
seismic signal of L’Aquila earthquake. The response of the healthy and the damaged
structure, to a white noise excitation, was recorded. From its output only response, eigenfrequencies and modal deformations were identified by using Operational Modal Analysis
techniques. These dynamic characteristics were used to define the state of the bridge. The
study carried out allows us to highlight the following conclusions:
•

As it has been reported in the literature, the Stochastic Subspace Identification
technique and the Frequency Domain Decomposition technique proved to be very
robust.
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•

The eigen-frequencies method has been able to detect the damage, but the reduction of
the frequencies is weak. Experimentally, these variations can be caused by
hygrothermal effects, without the structure being damaged.

•

The damages were detected using the MAC method in the 11th mode. This higher
order mode is difficult to identify experimentally.

•

In this test case, the flexibility curvature method showed the most accurate damage
localization results.
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ABSTRACT
This paper presents finite element analysis on Abaqus Software of a steel frame equipped with
friction joints subjected to a static load and to a vehicle impact, in one of its external columns.
The force-time histories were determined considering the loading patterns found on the
experimental impact tests conducted on the joint and on the friction damper (Santos, et al.
2017).The behaviour of the friction joints was included in the model by a slot-rotation spring.
For the impact analysis, the effect of high strain rates on the materials constitutive model. The
numerical simulations are used to predict the structural robustness of a steel frame under
exceptional loading conditions with the studied connections types. Furthermore, the behaviour
of the frame with friction joints is compared with the behaviour of the same frame with rigid
joints.
Keywords: impact load, robustness, friction joints.
INTRODUCTION
The interest on the study of robustness of structures subjected to accidental loads (as blast or
impact) have grown after the collapse of the Ronan Point apartment tower in 1968. After the
World Trade Centre disaster in 2001, the behaviour of beam-to-column connections have
been highlighted as a critical parameter in maintaining structural integrity when subjected to
severe loads. Since then, several research works have been developed on the robustness
design of structures and on the behaviour of steel beam-to-column joints when subjected to
extreme loads, as blast and impact (Ribeiro et al., 2016), (Fu et al., 2016), (Yang and Tan
2012), (Nethercot, 2011).
In this paper, the static and dynamic structural robustness of a steel frame equipped with
friction joints is studied. Furthermore, its behaviour is compared with the behaviour of the
same frame with rigid joints. These analyses are carried out with the ABAQUS software
(Abaqus, 2011).
As a first analysis, two-storey 2D frame equipped with friction joints and with rigid joints
have been subjected to a static load in one of its external columns. The beams are IPE220 and
the columns HEB220, all in S275JR steel.
The beams and columns are modelled using B31-two-node linear beam elements available on
ABAQUS library. The friction joint and rigid joint are modelled using a slot connector and a
tie connector, respectively, via the ABAQUS library. Furthermore, the load has been applied
by means of a smooth amplitude function to ensure a quasi-static loading using a dynamic
explicit procedure.
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PRELIMINARY RESULTS
In Table 1 is reported the maximum horizontal displacement, maximum beam deflection and
maximum stress found for the frame with rigid joints and semi-rigid friction joints. The
results underline the importance of a correct modelling of the beam-to-column connection
behaviour in the assessment of the structural behaviour of a frame. Moreover, at the end of the
analysis, stresses in the beam are less for the frame with friction joints. On the other hand, the
maximum horizontal displacements are significantly higher.
This behaviour is due to the particular behaviour of the friction joints. The slippage of the
friction damper up to the stroke end makes possible to obtain an increase of the vertical
component of the beam axial forces resulting from the catenary actions after column loss due
to the ability of the friction damper in accommodate the required displacements without any
damage. In this way, an improvement of the structural robustness of the frame under
exceptional actions can be expected.
Table 3 - Maximum displacements and stress
Joint type

Maximum horizontal displacement [mm]
st

Friction joint
Rigid

Max Beam stress [Mpa]

nd

1 story
8
3.2

2 story
16
4.48

36
137
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ABSTRACT
Deformability studies of coating mortars contribute to minimize one of the most common
anomalies in building facades which is crack appearance and propagation. Many of these
cracks appear due to internal stresses in the coating mortar, as a result of imposed
displacement or of imposed restriction by the underlying support structure. These
deformability studies should include one or more experimental methods to determine the
modulus of elasticity (E) of the coating mortars in question. This paper presents a series of
experimental tests carried out to determine E for cement coating mortar specimens, namely
two dynamic experimental procedures and a novel procedure to determine the static E value.
The results from the dynamic and static tests are compared to further verify the reliability of
the new procedure.
Keywords: coating mortar, static modulus of elasticity, dynamic modulus of elasticity.
INTRODUCTION
Coating mortars should have the ability to deform, without critical failure, when subjected to
loading actions due to thermal cycles or shrinkage of the mortar itself. When the mortar
cannot cope with these deformations, internal stresses arise in the coating, which can lead to
cracking. This is a common cause for the occurrence of one of the most frequent and most
damaging anomalies in building facades, which compromises their aesthetic and protective
purposes. To minimize this issue, knowledge of the coating mortars modulus of elasticity (E)
is essential during the design process, in order to achieve proper compatibility between the
mortar and the underlying support structure regarding material deformability. Although the
importance of E in the characterization of mortars is well known, scientific publications on
the subject are still scarce and widely dispersed regarding which one is the best evaluation
method to determine E. The lack of consensus regarding which method is more appropriate to
use for these tests makes it difficult to characterize and compare mortars.
There are two major methodologies to experimentally determine E for coating mortars: static
experimental procedures and dynamic experimental procedures (Tamin, 1986). The results
obtained from static procedures are more reliable than those obtained with dynamic
procedures (Mehta, 2001), but since there is no consensus on a reliable and viable static test
procedure for mortars, civil engineers are led to use dynamic E values (Farinha, 2015). This
study aims to develop an experimental procedure to determine the static E for mortars,
beginning with cement coating mortar specimens, and compare these results with those
obtained with two dynamic experimental procedures. The final goal is to establish a standard
experimental procedure to determine the static E to be applied in LNEC studies, and
eventually for widespread application by other entities.
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EXPERIMENTAL CAMPAIGN
For this study, the experimental procedures used to determine the static and dynamic E made
use of standard prismatic 40x40x160 mm test specimens (European Committee for
Standardization, 2006a) (Figure 1).

Fig. 1 - Group of specimens used in the experimental tests performed in this study

The experimental campaign was performed with two cement coating mortar compositions
with a volumetric binder aggregate ratio of 1:2 and 1:4 (cement: aggregate). Mechanical
characterization tests were performed on each cement mortar composition after an initial
curing process. The mechanical characterization testing campaign included several tests,
namely: determination of the flexural and compressive strength of the coating mortar
specimens and determination of the dynamic E by the Resonance Frequency method and by
the Ultrasonic method.
Then the dynamic and static E values were determined on specimens from both cement
coating mortar compositions for different curing ages, using both dynamic experimental
methods previously mentioned and the novel static experimental method. For each type of
test, three specimens were used. Table 1 summarizes the types of tests performed on the test
specimens produced for this study, specifying the curing age for each test performed.
Table 1 - Experimental campaign summary
Specimen
identification

Binder
aggregate
ratio

Characterization
tests

Resonance
Frequency

Ultrasonic

Static procedure

83 days of age

-

-

-

Ri6/14_EES_4
Ri6/14_EES_5
Ri6/14_EES_6

-

166 days of age

161 days of age

132 days of age

Ri6/14_EES_10
Ri6/14_EES_11
Ri6/14_EES_12

-

115 days of age

110 days of age

83 to 94 days of
age

32 days of age

-

-

-

Ri6/14_EES_1
Ri6/14_EES_2
Ri6/14_EES_3
1:4

1:2
Ri6/14_EES_16
Ri6/14_EES_17
Ri6/14_EES_18
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The mortar was mixed using a laboratory mixer. Fresh-mortar workability tests were carried
out for all trial mixes, according to the standard EN 1015-3 (European Committee for
Standardization, 2006b). Mortar plasticity values on the shaking table ranged from 160 to 170
mm. Table 2 describes the composition of the cement coating mortars used.
Table 2 - Cement coating mortar compositions used in this study
Cement mortar
composition

Water/powder ratio
[%]

Bulk density of the fresh
mortar [kg/m3]

Consistency [mm]

1:2

13.6

2050.0

166

1:4

17.9

1996.8

163

The initial curing process of the specimens was performed in a controlled environment,
following the requirements of the standard EN 1015-11 (European Committee for
Standardization, 2006a). This process begins with the placement of the mould inside a plastic
bag of polyethylene for 2 days, ensuring a relative humidity of 95 ± 5%, in a room at 20 ±
2 °C and relative humidity of 65 ± 5%. Subsequently, the specimens were demoulded and
kept under the same curing conditions for 5 days, after which the specimens were removed
from the bag and remained in the conditioned room until the date of the tests.
EXPERIMENTAL PROCEDURES DESCRIPTION
For the dynamic E tests, the two procedures used were the Resonance Frequency dynamic
procedure, according to the standard CSN EN 14146 (European Committee for
Standardization, 2004a), and the Ultrasonic dynamic procedure according to the standard
CSN EN 12504-4 (European Committee for Standardization, 2004b).
The Resonance Frequency dynamic procedure is a non-destructive test that consists in
inducing a vibration signal along the test specimen, in order to determine its resonance
frequency and then the corresponding E value. This procedure was performed on a Zeus ZRM
2005 test machine, using the longitudinal resonance frequency. The specimen is attached to
the measuring apparatus through its mid-section, thus placing the actuator on one end and the
signal receiver in the other, forcing the vibration signal to pass through its entire length
(Figure 2, left). This signal induces small amplitude displacements on the specimen,
proportional to how close the frequency of the signal is to the resonance frequency of the
specimen. Displaying the output data in a frequency spectrum, the frequency with the highest
peak corresponds to the fundamental resonance frequency (F) of the specimen. The dynamic
E can then be calculated using the following formula:
7  4Ò ∗ p  ∗ 4 ∗ 10/Ô

(1)

where:
•
•
•
•

Ed is the dynamic modulus of elasticity [GPa];
L is the length of the specimen [m];
F is the fundamental resonance frequency [Hz];
ρ is the bulk density of the specimen [kg/m3].

The Ultrasonic dynamic procedure is another non-destructive test that determines the
specimen’s E value based on the speed that ultrasonic waves propagate through the specimen.
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This procedure was carried out using a Steinkamp Ultrasonic tester BP-7 (Figure 2, right)
with the indirect method. This method requires several readings along the specimen using the
two test probes, with the receiver probe staying near one end of the specimen and the
transmitter probe moving at regular intervals along the specimen’s length. The travel time,
measured in microseconds, between probes is acquired for each point along the specimen.
This data is then plotted against the corresponding displacement of the transmitter probe
along the specimen to determine the average ultrasonic speed for the specimen (v). Then the E
value is calculated according to the following formula:
7 

where:
•
•
•
•

_Õ∗/∗Õ
/Õ

∗ v ∗ 4 ∗ 10/Ô

(2)

Ed is the dynamic modulus of elasticity [GPa];
v is ultrasonic speed for the specimen [m/s];
υ is the Poisson coefficient of the specimen’s mortar [Hz];
ρ is the bulk density of the specimen [kg/m3].

Fig. 2 - (left) Resonance Frequency dynamic test and (right) Ultrasonic dynamic test

The test to determine the flexural strength was performed in accordance with the standard
EN 1015-11 (European Committee for Standardization, 2006a). The purpose of this test is to
obtain the flexural strength of the hardened mortar, by applying a half-span load to a simply
supported prismatic specimen, as depicted in Figure 3. The specimen is placed on the test
machine and is centred with the longitudinal axis perpendicular to the two supports. The load
is applied at the mid-span through an upper bearing point, by imposing a loading rate between
10 and 50 N/s. The loading rate chosen must ensure that specimen’s failure occurs between 30
to 90 seconds after the test start. The applied load is monitored through a load cell until the
end of the test. The flexural strength is given by the following formula:
O9  1.5 ∗

where:
•
•
•
•
•

>2 ∗
×∗7

(3)

ft is the flexural strength [MPa];
Ff is the maximum flexural load applied to the specimen [N];
l is the distance between the bottom supports [mm];
b is the width of the test specimen [mm];
d is the height of the test specimen [mm].
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Load

Flat surface

Fig. 3 - Flexural strength test: (left) representative diagram of the test and (right) specimen being tested

The test to determine the compressive strength was performed in accordance with the
standard EN 1015-11 (European Committee for Standardization, 2006a). This test allows the
determination of the compressive strength of hardened mortar by applying load until failure of
the specimen. This test is performed on both resulting halves of each specimen after being
submitted to the flexural strength test. Each half of the specimen is placed centred on the
lower plate of the testing device on one of its flat surfaces. The upper plate of the device is
lowered until it contacts the upper surface of the specimen, as shown in Figure 4. The loading
rate used must ensure that specimen failure occurs between 30 to 90 seconds after the start of
the test. The compressive strength can then be calculated with the following formula:
OØ  Ù
>

Ù

(5)

where:
• fc is the compressive strength [MPa];
• Fc is the maximum compressive load applied to the specimen [N];
• Ac is the area of the specimen in contact with the plates of the testing device [mm2].

Fig. 4 - compressive strength test

The static experimental procedure to determine the E value for coating mortars developed in
this study aims to solve two of the major issues found by other researcher when working on
this subject (Cikrle, 2005), namely improve the reliability of the collected data and solve the
issues related to surface conditions of the specimen. The first issue was solved by using
displacement transducers (Figure 5, left), which integrate a larger length of the specimen and
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so obtain more reliable results, as opposed to other solutions like extensometers applied
directly to the specimen’s surface. The second issue is mainly related with the difficulty of
clamping the measuring device to the specimen without damaging the specimen or the device,
while obtaining reliable data. This issue was solved by the application of a reinforcement
layer of two component polyester putty on the clamping areas of each specimen (Figure 5,
right).

Fig. 5 - (left) displacement transducer used and (right) reinforced areas of a test specimen

The static E tests were carried out on a mechanical test machine (ETI - HM-S/CPC from
PROETI) using displacement control. The resulting load was recorded using a piezoelectric
load cell installed in the test machine. The following methodology describes the experimental
procedure developed to determine static E for coating mortar test specimens:
•
•

•

Perform a 3-point bending test on a new specimen until failure;
Perform a compression test on the two halves obtained from the previous test, to
determine the failure compression stress for the material. The average value from both
halves is taken as the failure compression stress value for the material;
Perform a final cyclic compression test on a new specimen with 1/3 of the failure
compression stress of the material. This test comprises one initial cycle to eliminate
any gaps in the contact surfaces, followed by three full cycles. This test makes use of a
dedicated device to measure the applied deformation to the specimen.

The dedicated device used in these tests is equipped with two displacement transducers, in
opposing surfaces, to improve the quality of the results (Figure 6).

Fig. 6 - instrumented test specimen for a static E test
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This device is made of two aluminium rings that are clamped to the test specimen by eight
sharp pointed pressure screws, against the previously mentioned reinforced areas. The rings
are attached to two different sections of the specimen as the test is taking place, allowing the
displacement transducers to measure the displacement applied to the specimen between these
sections.
In order to determine the static E of the specimen, a linear trend line is applied to the obtained
load and displacement data. The slope of this trend line is the specimen’s static E value,
according to Hooke’s Law.
RESULTS
This section presents the results of the tests previously described. Table 3 shows the average
compressive and flexural strength of both cement coating mortar compositions, after the
initial curing process. Table 4 shows their average dynamic E values at the same age.
Table 4 - Average compressive and flexural strength of both cement coating mortars compositions
Binder aggregate
ratio

Curing age

Flexural strength [MPa]

Compressive strength
[MPa]

1:2

32

6.1

29.4

1:4

83

1.5

5.8

Table 5 - Average dynamic E values of both cement coating mortars compositions
Binder aggregate
ratio

Curing age

Resonance Frequency
[MPa]

Ultrasonic [MPa]

1:2

32

25.45

19.6

1:4

83

9.6

8.16

Concerning the analysed coating mortars, the mechanical characterization values obtained are
consistent with the available bibliography (Lucas, 2015). A good ratio between E and the
compressive strength was also obtained. Figure 7 further illustrates these findings by
comparing the dynamic E data with the compressive strength for both cement coating mortar
compositions.

Fig. 7 - Compressive strength and E results from the mechanical characterizations tests performed on both
cement coating mortar compositions
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The main goal of these tests was to establish the reliability of the proposed experimental
procedure to determine the static E value for coating mortars. To achieve this goal, the
obtained results were analysed to ultimately compare the dynamic E values with the static E
values.
Figure 8 illustrates an example of the displacement-time curve obtained from the three
loading cycles of a static E test. In order to guarantee the quality of the experimental
procedure, it was decided that each test would only be accepted if the data collected from both
displacement transducers didn’t differ between each other by more than 10 % of the
maximum value.

Fig. 8 - Displacement-time curve obtained from a static E test

The static E for each specimen is determined by tracing a linear trend line with the load and
displacement data collected from the three loading cycles. In order to improve the quality of
the results, the trend line excludes the data from the start and end of each loading cycle, since
these regions tend to have more disturbances. Figure 9 illustrates an example of the stressstrain curve obtained from the three loading cycles, were the slope of the trend line gives a
static E value of 7.13 GPa for this specimen.

Fig. 9 - Stress-strain curve obtained from a static E test
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Figure 10 compiles the overall results from the experimental testing campaign, by comparing
the results obtained from both dynamic E procedures with the values from the static E
procedure. As expected, the E value for cement coating mortars remains constant after the
initial curing period, with a slight tendency to decrease with the passage of time. This is true
for the dynamic and the static E values (Veiga, 2010). Based on this data and previous studies
performed in LNEC, the data obtained from the Resonance Frequency procedure is more
reliable and closer to the static E value than the Ultrasonic procedure. This is in accordance
with the bibliography on the subject (Cikrle, 2005).

Fig. 10 - Overall E values from the entire testing campaign

Using the obtained E values, the average ratio (C) between the Resonance Frequency E and
the static E was calculated for both cement coating mortar compositions (Table 5). This ratio
can be used to estimate the static E value for a new specimen with a similar composition,
through one of the dynamic E tests, thus saving time and resources. These C values are within
the expectable range that can be found in the bibliography (Cikrle, 2005), and suggest that
this ratio tends to decrease for the mechanically weaker coating mortars. A more complete
experimental campaign must be performed to confirm this tendency.
Table 5 - Average ratios between the Resonance Frequency E and the static E
Binder aggregate
ratio
1:2
1:4

Formula

Ú9Û9 Ø   ∗ 7¶BÛÜ Ø
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CONCLUSION
Based on the data collected from the preliminary tests performed so far, the results for the
cement coating mortar specimens are well within the expectable range of static E values for
cement specimens. These results suggest that this static E experimental procedure is valid, at
least for cement mortar specimens. This new static procedure also solves some of the major
experimental issues related with previous attempts on the subject.
Going forward, it is intended to apply the same procedure to air lime specimens to further
verify the reliability of the procedure and of the obtainable static E values when compared
with the E values attained with dynamic methods. Future testing campaigns will also include
more tests with higher curing periods, both for cement and air lime specimens.
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ABSTRACT
Buildings’ structural components are sized for anticipated actions that can occur during their
lifetime. However, for unforeseen loading events, like accidental explosions produced at close
distance, the forces imparted to the structure can be only approximated. Therefore, the local
failure of some members is most likely to occur. Providing alternate load paths can prevent
propagation of collapse and preserve the global structural integrity. In case of multi-storey
buildings, the contribution of the floor system and beam-floor interaction to the load
redistribution capacity can be significant if properly accounted for in design. The study
presented in the paper investigates the response of a multi-story steel frame building at the
direct effect of a close-in explosion. The main parameters are the degree of interaction and the
capacity ratio between steel beams and concrete slab.
Keywords: accidental action, progressive collapse, composite floor, alternate load path.
INTRODUCTION
Building structural components are designed to meet specific requirements in terms of
strength and deformation capacity. To ensure proper behavior and maintain the integrity,
especially under exceptional loading events, the failure of an element should not lead to a
generalized collapse (progressive collapse). This can be assured by providing the system with
the capacity to redistribute the loads upon removal of an element. Some structural features,
for example two-way floor systems and the interaction between concrete floor and steel
beams can improve the load redistribution (Astaneh-Asl et al., 2001; Stevens, 2008;
Demonceau and Jaspart, 2010). The consideration of the beam-floor interaction can be very
effective in providing resistance to progressive collapse particularly for less redundant
structural systems. This paper presents the results of a study that aimed at investigating the
contribution of the floor system to the load redistribution capacity following the removal of a
column under direct effects of a close-in explosion. For this purpose, a 3D steel frame
structure was designed and detailed using several configurations, i.e. first with beams
designed as bare steel elements and then with different degree of interaction between steel
beams and concrete slab. The capacity ratio between steel beams and concrete slab was also
considered as a parameter.
RESULTS
The steel frame structure has two story, two bays and two spans and is extracted from a six
story reference building, see Figure 1.The structure was designed for permanent and seismic
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design situations. The protection against progressive collapse was considered by applying the
tie force requirements. Loading conditions involve different levels of gravity loads and
pressure loads due to close-in explosions. The numerical models were calibrated using
relevant tests, see Figure 2.

(a)
(b)
Fig. 1 - Reference building (a) and model used in the parametric study (b) (position of blast
charge varies)

(a)

(b)

1200

Vertical force, kN

1000

A

800

composite specimen
steel specimen
B

600
400

C

200
0
0

100 200 300 400 500 600 700
Vertical displacement, mm

(c)
Fig. 2 - Calibration of numerical models: (a) steel specimen; (b) composite specimen;
(c) force-displacement curve for internal column removal, steel vs. composite

ACKNOWLEDGMENTS
The authors gratefully acknowledge the funding by Romanian National Authority for
Scientific Research and Innovation, CNCS/CCCDI - UEFISCDI, under grant PN-III-P2-2.1PED-2016-0962, within PNCDI III FRAMEBLAST (2017-2018).
REFERENCES
[1] Astaneh-Asl, A., Jones, B., Zhao, Y., & Hwa, R. “Floor catenary action to prevent
progressive collapse of steel structures”, (Report No. UCB/CE-Steel-03/2001). Department of
Civil and Environmental Engineering, University of California, Berkeley, USA, 2001.
[2] Stevens, D, “Assessment and Proposed Approach for Tie Forces in Framed and
Loadbearing Wall Structures”. Final rep., Prepared for Security Eng. Working Group, 2008.
[3] Demonceau, J. F., Jaspart J. P. “Experimental test simulating a column loss in a
composite frame”, Advanced Steel Construction, 6, pp. 891-913, 2010.
-582-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7205

NUMERICAL STUDIES ON SEISMIC RESPONSE OF STEEL AND
COMPOSITE ECCENTRICALLY BRACED FRAMES
Şenilă R. Mihai1, Petran Ioan1, Calin Neagu2(*), Florea Dinu2
1
Department of Structures, Faculty of Civil Engineering, Technical University of Cluj-Napoca, 400020,
Romania
2
Department of Steel Structures and Structural Mechanics, Politehnica University Timisoara, 300224, Romania
(*)
Email: calin.neagu@upt.ro

ABSTRACT
Eccentrically braced frames (EBF) are frequently used for the structures in seismic areas as an
alternative to the concentrically braced frames (CBF) and moment resisting frames (MRF).
When are designed to dissipate the seismic induced energy, the potential plastic zones
(dissipative elements) must have a predictable behaviour. The other structural elements are
non-dissipative and must be designed to remain essentially in elastic stage under seismic
action. The strength, stiffness, and ductility of EBF is directly related to the configuration of
the links. While short links are preferred for their larger stiffness and deformation capacity,
long or intermediate links may be also required, especially due to architectural or space usage
constraints. This paper presents the result of numerical studies with the objective to
investigate and compare the behaviour of steel and composite eccentrically braced frames
under seismic loading with different link configurations. Numerical models were calibrated
against test data.
Keywords: plastic deformation, steel frame, eccentrically braced frame, seismic response.
INTRODUCTION
Steel and composite eccentrically braced frames (EBFs) are efficient lateral load resisting
systems and are widely used for structures located in seismic areas. The EBFs combine the
advantages of MRFs and CBFs, i.e. good ductility associated with an adequate lateral
stiffness. In case of EBFs with composite beams, the current practice recommends a complete
detachment between steel beam and concrete slab in the dissipative zones (link). The
interaction between the concrete slab and the steel frame in the link region has an important
influence on development of plastic hinges and deformation capacity (Ciutina et al., 2013;
Ioan et al., 2016; Senila et al., 2016).
For a comparative analysis between the behavior of eccentrically braced frames with steel
beam links with and without considering the concrete slab, a series of nonlinear time-history
analysis were carried out for both types of structures. Frames with different number of stories
were analyzed using SAP2000 program.
RESULTS AND CONCLUSIONS
The following set of results shows the maximum recorded values (envelopes) for interstory
drifts, for seven ground motion records (stiff ground type, ag=0.4 g), Figure 1. When
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comparing the response of the two structures, i.e. with and without concrete slab, at the design
ground acceleration corresponding to Ultimate Limit State ULS conditions (acceleration
multiplier λ equal to 1.0), the difference between the two cases can be seen. The presence of
the concrete slab leads to a stiffer response of the structure and less deformation demands.
The contribution of the concrete slab is significant in regards to the global behavior of
structure, even in the situation when shear connectors are not present in the dissipative link
beam.
8
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(a)
(b)
Fig. 1 - Inter-story drift comparison at ULS for frames with 8 stories: (a) without concrete
slab EBF-S-8; (b) with concrete slab EBF-C-8
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ABSTRACT
The first goal of this study is to introduce a numerical procedure to model the effective
viscoelastic properties of fractured masonry based on the periodic multi-scale approach. The
Modified Maxwell model is chosen to predict the creep of micro-cracked mortar while bricks
are supposed to be safe with a linear elastic behavior. Analytical solution proposed by (Cecchi
and Tralli, 2012) in safe case is used to evaluate the exact of the results at the local scale.
Then, the connection between the masonry and the frame using contact elements is proposed.
Finally, the influence of masonry with or without opening on global response of RC frames is
discussed.
Keywords: masonry, interface, numerical methods, multi-scale, viscoelastic, fractured,
infilled frame.
INTRODUCTION
In recent year and in developing countries (for example in Vietnam), more and more high
buildings are being constructed. These structures are explicitly required to withstand the
movement induced by earthquake, wind or damage. They are also expected to avoid the
occurrence of severe damage to the non-structural elements which entails risks for people and
for the main structure. Masonry infill is known as the building envelope with load-bearing
function or not. The effect of masonry infill on the global response of RC frames is widely
recognized but in current practice, it is often neglected and the structure is designed as a pure
frame. That is because of lack of effectively technique for modelling masonry infill. The
complexity is attributed to the existence of crack, the nonlinear behaviour of masonry as well
as the interaction between the frame and the masonry.
RESULTS AND CONCLUSIONS
In order to illustrate the application, a two-dimensional masonry infilled RC frame under
vertical and horizontal loads is considered. Three types of frame are also studied: RC frame
with infilled masonry non opening (a), RC frame with infilled masonry with opening (b) and
Bare RC frame (c). To simulate the gravity load of upper story, a constant compressive stress
q1 equal to 0.3 MPa is applied on the top of the frame and constant concentrated vertical force
P1 = 100 KN was is applied on the top of two columns (see Figure 1). The structure is tested
for lateral top load Ã or displacement ∆=12.7mm (0.5 inch). Material properties
corresponding to reinforcing concrete assumed for the design are: ØÝ = 200000 MPa,
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ÞØÝ  0.2. The effective modules of masonry are given in Table 1 with damage parameter dc =
0.1.
Figure 2 shows the maximum lateral displacement Ux of the modeled frame for three cases of
frame. As can be seen, due to the presence of infill masonry (even in case with opening), the
displacement is much reduced.
Table 1 - The effective modules of masonry
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Fig. 1 - Geometry of the masonry infilled RC frame (a) and numeric model (b)

Fig. 2 - Comparison of maximum displacement in direction x (Ux) among three types of frame
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ABSTRACT
Fragility functions have become in recent years a powerful and useful tool for the assessment
of seismic losses in populations of structures and therefore the evaluation of the reliability of
the different available procedures for their computation is an important task for the
development of realistic risk assessment within a particular region. Furthermore, it has been
recognised during past seismic events and in previous studies that the vulnerability
assessment of bridges can be adequately carried out based on fragility curves. Static and
dynamic nonlinear analyses can be implemented for the calculation of analytical fragility
curves and, depending on the specific method employed, there are different possibilities for
their application, as well as different sources of uncertainty. In this study, the Generalized
Pushover Analysis (GPA) is implemented for developing analytical fragility functions of
reinforced concrete (RC) bridges. The relative accuracy of the GPA algorithm, when applied
to a population of existing bridges, is compared with results from Nonlinear Time History
Analysis (NTHA), considered as the “exact” prediction.
Keywords: bridges, multi-mode pushover, seismic response, fragility assessment.
INTRODUCTION
Fragility functions play a critically significant role in the assessment of seismic loss thus the
development of reliable procedures for their calculation has become increasingly popular. The
existence of different analytical methodologies, as well as structure modelling approaches,
has an important influence in the results of fragility functions. In addition, it has been
recognized that bridges are one of the most vulnerable structural types during past seismic
events. Depending on the seismic conditions of local site, seismic vulnerability assessment of
bridges can be carried out based on fragility curves. Many tools are currently available for
calculating fragility curves, especially based on analytical approaches, which have become
widely used in earthquake engineering community due to its scientific soundness and because
they overcome the lack of data in empirical approaches. Both static and dynamic nonlinear
analysis can be employed for deriving fragility curves within an analytical approach and both
of them feature numerous different possibilities of application as well as many sources of
uncertainty. In this study, a recent, theoretically sound, nonlinear static procedure (NSP), the
Generalized Pushover Analysis (GPA), is considered to develop analytical fragility functions
of RC bridges. The performance of GPA, which is computationally faster than nonlinear timehistory analysis (NTHA), is assessed when applied to a large number of existing bridge
configurations, through comparison with the results of an extensive number of nonlinear
dynamic analyses, considered as benchmark, in order to understand its level of accuracy in
calculating seismic fragility functions.
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In specific, 3D analytical RC bridge models are generated by OpenSees based on different
material and geometric parameters so to take structural variability in consideration. Nonlinear
analyses were conducted for each bridge model under different ground motion records,
selected according to the local seismic hazard characterizing the exact location of the bridge,
so as to duly incorporate the epistemic/aleatory uncertainty. Curvature ductility was employed
as the reference parameter in determining the bridge damage limit states in terms of structural
capacity and both static and dynamic procedures are used to derive fragility functions for each
simulated bridge.
RESULTS AND CONCLUSIONS
The presentation of results is divided in two main parts: one corresponds to the validation of
the nonlinear static procedure, through direct comparison of estimated response, by means of
a parameter defined as Bridge Index (BI) calculated as the median of the ratios between the
response parameter quantities, at different bridge locations, estimated for the performance
point of the structure, and the maximum response parameter quantities estimated with
nonlinear time-history analysis. The second part of the results regards the performance of the
GPA in terms of fragility curves for different damage states.
Figure 1 illustrates the preliminary results regarding the first part of the comparison
(validation of GPA with respect to NTHA) for one of the case-study configurations, in which
it is seen that there is a very good match between the nonlinear static and dynamic response
estimates, with a tendency for the static to overestimate the dynamic counterpart.
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Fig. 1 - Deck displacement shape for static and dynamic approaches

In terms of fragility curves, the results have also demonstrated that the GPA algorithm is able
to successfully capture the seismic response of the case study bridges, for all hazard levels
considered, for both regular and irregular layout configurations that were considered in this
study. These results have been consistently verified for seismic events of low intensity level
(low return periods and higher probability of exceedance) and with high return periods i.e.
low probability of exceedance.
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ABSTRACT
This work analyzes the viability of the use of the Rosa Iracema Granite waste as raw material
for the production of rotor spinning funnels used in the textile industry. Eleven percent
mixtures of tailings and Al2O3 (alumina) were analyzed with 48 specimens in total, sintered
at temperatures of 1200, 1300, 1400 and 1500 ° C. The tests allowed to identify the
percentage and the proper sintering temperature for the use of the waste in the funnels.
Keywords: reject, textile industry, gresification.

INTRODUCTION
The ornamental stone industry produces waste during the beneficiation process in the form of
abrasive pulp rich in Silica (SiO2), Alumina (Al2O3), Hematite (Fe2O3) and Calcium Oxide
(CaO) (Neves, 2002). This pulp, called mud, causes water pollution and silting rivers
adversely affecting animal and plant life in the environment (Menezes, 2002). Some previous
research has pointed out possible solutions to this problem by using granite residues as a
substitute for synthetic ceramics (Cordeiro, 2003). A total of 48 tests were performed with 11
percent mixtures with Rosa Iracema granite and alumina. The granite residue was collected in
Serra do Barriga, state of Ceará. The RC HTP DBM alumina from the Reynolds manufacturer
was used as reinforcement and as a binder, 10 ml of water was added to each 60 g of GraniteAlumina blend. The specimens were pressed in cylinder form with an average height of
10mm and sintered at 1200, 1300, 1400 and 1500 ° C. The analysis of the gresification curve,
carried out to make feasible the use of the Rosa Iracema granite residue in the textile industry
exit funnels is illustrated by the combination of linear retraction and water absorption data
following the ABNT NBR 9623 and ABNT NBR 15270-3: 2005 standards, respectively.

RESULTS AND CONCLUSION
The results for temperature of 1200 ° C and 1500 ° C are depicted in Figures 1 and 2. Table 1
shows water absorption and linear shrinkage results for the sample of 30% and 40% w of
Al2O3, sintered at 1300 ° C 1400 ° C.
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Fig. 1 - Gresification curve of the composite at a temperature of 1200 ° C

Fig. 2 - Gresification curve at 1500°C
Table 1 - Water absorption and linear retraction for sample with 30% w in Al2O3 with
sintering at 1300 ° C and 1400 ° C
Sintering temperature

Water absorption (%)

Linear retraction (%)

Reinforcement percentage

30%

40%

30%

40%

1300°C

2.26

2.16

2.89

2.96

1400°C

2.12

2.08

3.10

3.09

The most significant results were obtained in compositions of 30% and 40% alumina submicrometric by weight and sintered at 1500 ° C, as they presented results close to those
obtained with imported funnels available in the market and manufactured with noble
materials.
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ABSTRACT
Earthquake is one of the most catastrophic events which make enormous harm to properties
and human lives. As a piece of a safe building configuration R.C. walls are given in structures
to decrease horizontal displacements under seismic load. Shear walls are additionally used to
oppose the horizontal loads that might be incited by the impact of wind. R.C walls in
residential buildings might have openings that are required for windows in outside walls or
for doors in inside walls or different states of openings due to architectural purposes. The size,
position, and area of openings may fluctuate from an engineering perspective. Shear walls
can encounter harm around corners of entryways and windows because of advancement of
stress concentration under the impact of vertical or horizontal loads. The openings cause a
diminishing in shear wall capacity. It might have an unfavorable impact on the stiffness of
R.C wall and on the seismic reaction of structures. Finite element modelling approach has
been conducted to study the effect of opening shape, size and position in RC wall with
different thicknesses under axial & lateral static loads. Finite Element Method using software
package '' ANSYS'' becomes an essential approach in analyzing civil engineering problems
numerically. Now we can make various models with different parameters in short time by
using ANSYS instead of doing it experimentally, which consumes a lot of time and money.
Proposed F.E approach has been verified with other experimental programs conducted by
other researchers and gives a very good correlation between the model and experimental
outputs including load capacity, failure mode and lateral displacement. A parametric study is
applied to investigate the effect of opening size, shape, position on different R.C. wall
thicknesses. The research may be useful for improving existing design models and to be
applied in practice, as it satisfies both the architectural and the structural requirements.
Keywords: R.C. walls, earthquake, seismic loads, finite elements method.
INTRODUCTION
Shear walls are frequently pierced for doors, windows and building services or other
functional reasons. Openings are usually avoided in reinforced concrete (RC) structural
elements because the size and location of openings in the shear wall may have adverse effect
on seismic responses. These openings are also source of weakness and can reduce the
structures’ stiffness and load-bearing capacity. As a designer, it is necessary to know the
effects of large openings sizes and configurations in shear wall on stiffness as well as on
seismic responses and behavior of structural system as a considerable amount of concrete and
reinforcing steels has to be removed. So that a suitable configuration of openings in shear
walls should be made. On the other hand, it is generally believed that effects of small
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openings can often be neglected due to the ability of the structure to redistribute stresses
(Ashok Kankuntla, et al. 2016).
By using ANSYS, the behavior of RC walls with openings will be explored. It simulates the
elastic and plastic deformations that would happen in concrete until ultimately concrete
crushing as the load is stepwise increased which is considered next to exact solution if the
material properties are correctly implemented.
RESEARCH SCOPE AND OBJECTIVE
The objective of this study is to investigate the behavior of shear walls with openings. The
study includes a parametric study to gain an optimum opening shape, size and position in RC
wall with different thicknesses under the effect of various types of loads in order to increase
capacity and control cracks. This paper is part of a larger research program on the importance
of configuration of shear wall openings and fiber-reinforced polymers (FRPs) for
strengthening these opened shear walls to improve their behavior in resisting lateral loads in
high-rise buildings. The ongoing program is expected to significantly extend the findings of
the previous studies.
RESEARCH METHODOLOGY
The research plan includes two phases, the first phase; includes verification of the
experimental results conducted by other researchers using an ANSYS model to make
validation for the model and ensure the correlation between both analytical and experimental
results for load capacity, failure mode and lateral displacement. The second phase; After the
model has been verified with the experimental results, a parametric study has been conducted
by changing opening shape, opening position, size of opening, aspect ratio of opening,
rectangular opening orientation, R.C. wall thickness, applied load type and applied load
eccentricity. Table 1 shows the details of the examined parameters and its variation.
Table 1 - Examined Parameters by F.E.M

Variables

Examined Parameters
Load
Type

Wall
Thickness
(mm)

Eccentricity
(mm)

Shape

Opening
Dim. (m)

Aspect
Ratio

Position

Lateral

60

10

Square

0.4 x 0.4

1

Middle

Vertical

90

15

Rectangular

0.6 x 0.4

1.5,
2, 2.5

Upper middle
Upper corner

120

20

Circular

R = 0.4

-

Lower middle
Lower corner
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ABSTRACT
In this paper an integrated nondestructive evaluation / structural health monitoring (NDE /
SHM) system based on the use of acoustic emission (AE), electromechanical impedance
(EMI) and guided ultrasonic waves (GUWs) is presented. The system is integrated into a
single hardware/software unit and is driven by a few graphical user interfaces created in
laboratory. The feasibility of this multi-modal monitoring approach is assessed by monitoring
an aluminium plate with an array of six wafer-type piezoelectric transducers. AE events are
generated with the pencil-lead break technique whereas damage is simulated in the form of
permanent magnets attached to the plate. The waveforms associated with the AE are
processed using a source localization approach, whereas the GUWs and EMI data are
processed using simple metrics based on cross-correlation. The results presented here show
that the proposed system is robust and the three NDT methods complement each other very
well.
Keywords: structural health monitoring, acoustic emission, guided ultrasonic waves.
INTRODUCTION
The nondestructive testing methods of acoustic emission (AE), guided ultrasonic waves
(GUWs), and electromechanical impedance have been proposed and applied in a wide variety
of engineering structures. The first method relies on the propagation of transient elastic waves
generated by the rapid release of energy from a localized or multiple sources within the
material being monitored. The waves are detected by one or more AE sensors and processed
by commercial proprietary hardware and software. Some researchers proposed alternative
platforms and software whereas others used sensing systems different than the commercial
AE transducers, including wafer-type Lead-Zirconate-Titanate transducers (PZT). GUWbased methods rely instead on the active generation of ultrasonic signals to inspect large areas
from a single or a few positions. When the method is targeted for permanent monitoring, PZT
patches are used. The EMI method instead exploits the relationship between the electrical
impedance of a PZT and the mechanical impedance of the host structure to which the PZT is
bonded or embedded.
In this article, we present a system that integrates the three methods into a single unit. The
article follows-up some early works, (Zhu and Rizzo, 2012), (Gulizzi, Rizzo et al., 2015) and
recent findings (Nasrollahi, Deng et al. 2018), by our research group. In (Zhu and Rizzo,
2012) we integrated the EMI and the GUW in a pitch-catch configuration; the system was
proved in a pipe and in a very large plate using two PZTs. In (Gulizzi, Rizzo et al., 2015) we
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improved the signal processing and added the pulse-echo capability, whereas in (Nasrollahi,
Deng et al. 2018) we (1) added AE, (2) used six PZTs instead of two, (3) processed the
ultrasonic data to map the area of the structure bounded by the array and (4) quantified the
repeatability of the EMI method. With respect to (Nasrollahi, Deng et al. 2018), the present
article investigates the ability of the integrated system at detecting defects outside the area
bounded by the array and proved even further the advantages of integrating three methods
under a single unit.
RESULTS AND CONCLUSIONS
We monitored a 1219 × 1219 × 2.54 mm3 aluminium plate by bonding six 10 × 10 × 2 mm3
PZTs. Each PZT was located 305 mm away from the center of the plate (Figure 1). To avoid
irreversible damage, the AE portion of the integrated system was proven using the pencil lead
break (PLB), whereas the active GUWs and EMI methods were proven by mimicking damage
with two permanent Alnico U-shaped magnets. The attraction of the magnets produced a
localized compressive force on the surface of the plate at eleven locations. The PZTs were
driven by a PXI unit running under proprietary software. The PXI included an arbitrary
waveform generator (AWG), an 8-channel digitizer, a controller, and a simple auxiliary
circuit designed in the lab. The AWG produced a chirp signal that was 10 ms long, 1,200
cycles, 24 Vpp, and frequency range 90 - 210 kHz.
This study demonstrated that PXI unit was capable of running simultaneously the methods of
AE, GUWs, and EMI and to detect the location of the mimicked damage. The overall idea
behind this research is that during normal operation the unit works in a “standby” mode where
the acoustic emission approach passively detects the onset or the growth of new or existing
damage. After determining the whereabouts of the acoustic source, the unit is switched into
the active mode to quantify and tentatively size the amount of damage by one or more of the
following: EMI, pulse-echo mode GUWs, or pitch-catch GUW mode. The EMI approach is
suitable to identify the presence of damage very close to the PZTs; the pulse-echo can detect
features that are not too-close not too-far from the wave actuators; finally, the pitch-catch
mode can determine the presence of damage along and near the line of sight between actuatorsensor pairs of the array. If the system has not detected any AE event, it can always be turned
into the active mode to survey the structure being monitored.
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ABSTRACT
The study presents Ecodesign as a tool that can help in the management of building
deconstruction waste, through projects that use this waste as raw materials for the creation of
new products that simultaneously meet the needs of its consumers and the environment, with
the aim of reducing the use of non-renewable resources end minimizing their environmental
impact in their post-production stage. All this with the aim of specifically bettering the
recycling of concrete in Brazil. The study is characterized as exploratory research for its aim
in providing information about Ecodesign applied to civil construction s in their postoperational life cycle phases; which is an under explored subject. In addition to presenting
results of a case study of a residential building developed by the authors in Brazil.
Keywords: ecodesign, buildings, deconstruction, life cycle, recycling.

INTRODUCTION
The construction industry plays a key role when environmental issues are under discussion, as
buildings are the main contributors to the environmental impact of human activity (Anderson
et al., 2015). According to Lamé et al., (2017), to address this issue and reduce the
environmental impact of human activity, a possible solution is the integration of
environmental aspects into product development design, which is known as ecological design
(ISO, 2002 ).
Given the current scenario of considerable exploitation of natural resources around the world,
and despite growing discussion and search for more environmentally sustainable processes
and solutions, the field of construction is still directly or indirectly responsible for causing
major degradation processes and According to Tello and Ribeiro (2012), construction
activities account for 40% of all waste generated by global society.
The increasing use of concrete in the construction of buildings around the world is evident. In
1950, between 2 and 2.5 billion tons of concrete were consumed, and in 2006, between 21 and
31 billion tons of concrete were consumed globally. They are used twice as concrete in world
construction as the total of all other building materials, including wood, steel, plastic and
aluminum (WBCSD, 2009). As a consequence, concrete constitutes a considerable part of the
waste generated on the planet.
According to the report developed by the World Business Council for Sustainable
Development - WBCSD (2009), concrete is the second most consumed material in the world
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after water. It is estimated that more than 900 million tons of waste from this material are
generated annually in Europe, the United States and Japan, with quantities unknown
elsewhere, including in Brazil.
For Durmisevic (2006) the main problem of conventional buildings lies in the fact that the
materials used have no potential for recovery. Consequently, existing building methods use
only a small percentage of the durability potential of building materials, considering the
demolition process as the end of the building cycle. The main issue of sustainable
construction is how to strike a balance between the changing dynamics of change, which is
related to increased resource consumption and the fundamental principles of engineering for
sustainability (such as: choosing natural resources, saving energy, reduction of waste, etc.).
Many studies have pointed out that this goal can be achieved by extending the life cycle of
buildings and their materials.
Barbosa (2010) states that attention to the life cycle of both the product and the building is the
most direct way to guide each phase of the project with the sustainability guidelines:
During pre-fabrication, the choice of materials should be careful; in production, it is necessary
to know labor relations and measure energy consumption; the distribution involves not only the
transport, but the dissemination, the packaging; the use generates energy consumption, and the
disposal produces another network of impacts not only on the environment, but also to the
economy and society. Aiming at sustainable development, actions should qualify the context in
which they will be inserted: uniting people, stimulating the sharing of tools and equipment.
(Barbosa, 2010).

In this perspective, structures that allow ephemeral aspects through assembly configurations
and fixation of the components designed for this purpose can be the key to the balance
between the contemporary dynamic changes in the way of life, the current demands of the
market and economy, and environmental sustainability.
Thus, the principles of Ecodesign, conceptualized as comprehensive and complex by Yeang
(2006), guide the contemplation of design solutions under environmental aspects, in a
discourse aimed at minimizing waste, the use of material resources and energy, durability,
modularity, reuse, recycling, among others. All of these aspects are included in the Design for
Disassembly (DfD) guidelines. The concept of dismantling comes as a substitute for
demolition, and guides the decision-making of the designer in predicting the useful life of the
project, the components and the ease of dismantling the construction, aiming at the reuse of
materials and possible recycling.
These principles can become allies in the design of projects and more rational constructive
systems that aim at saving resources, rationalizing the durability aspect of the architectural
concept and improving functional, aesthetic and human aspects.
The principles of Ecodesign are introduced in this context in an approach that aims to guide
the designs of structures for the disassembly and recovery of components.
ECODESIGN
The concept of Ecodesign arose from the definition of "Design for Environment" (DfE),
which arose when the electronic industries of the United States created an association, known
as American Association of Electronics, with the concern of developing projects that were
less invasive to the environment. At first, the benefits were given to the members of the
association, but interest in the subject grew rapidly, and so the Ecodesign started to be used in
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other sectors such as environmental management and pollution prevention programs,
including environmental issues in design of new products, processes or services (Nascimento;
Venske, 2006).
Ecodesign is implemented in the creation of new concepts and in the emergence of new
patterns of consumption. In addition to integrating environmental issues into industrial design,
relating what is technically possible with what is ecologically necessary and socially
acceptable, given the growing awareness of the need to safeguard the environment in a
context of sustainable development (Annes, 2003).
The principles for the implementation of the Ecodesign have been defined by the United
Nations Environment Program (UNEP) and comprise eight phases that serve as a guide for
the implementation proposals by companies. UNEP uses the Ecodesign Strategies Web to
evaluate the performance of various aspects related to a product, according to Figure 1 of
Nascimento and Venzke (2006).
Development of a
new concept
End-of-life
optimization

Selection of low
impact materials

Optimization of
product life

Reduced use

Reducing environmental
impact at the user level

Optimization of
production techniques
Efficient distribution
system

Fig. 1 - Ecodesign Strategies Web

In guiding the use of this tool to evaluate the environmental performance of a product, the
user can assign a percentage for each circle, for example, the center of the circles corresponds
to zero and, with a variation of 20 percentage points for each circle, we arrive at the outer
circle with a score of 100%, that is, the center of the Figure represents an inadequate
environmental performance and in the outer circle, optimal environmental performance.
When performing an analysis of the probabilities of improvements, the environmental
performance of the product is marked in the same rays after the application of the established
measures (Nascimento and Venzke, 2006).
Ecodesign variables
The concept of ecological design is used and defined through variables for the development of
so-called ecologically correct products. DfX - Design for x - where 'x' represents the
variables, such as ease of maintenance, disassembly, services, etc., is used to demonstrate the
specific characteristics of the product when the proposal focuses on ecological design (Annes,
2003).
According to Kindlein Júnior et al., (2002), the development of eco products depends on the
decision-making by sets of elements which consider the relation with the Design for
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Assembly (DfA), the Project for the Manufacture (DfM), the Design for Service (DfS) and the
Design for Disassembly (DfD). In this way, it is possible to minimize the environmental
impact generated by the product through the systematic application of the variables presented
in the design practice in all spheres of the global production and use cycle. Table 1 describes
the DfX variables used in the path to sustainability.
Table 1 - DfX variables
DfX variables

Description

DfA - Design for Assembly

It considers, during the development phase of the product, systems
that facilitate the assembly of this product, that is, facilitate the
manufacture. This directly implies the reduction of the assembly
time and leads to an increase of production. More recent
environmental considerations call for dismantling and recycling to
be considered during product design.

DfM - Design for Manufacture

The selection of processes suitable for manufacturing includes:
material selection, process selection, modulated component design,
component standardization, multi-part parts development and
targeted assembly for module minimization.

DfS - Design for Service

It is concerned with the maintenance services performed during the
life of the product and its reconditioning, being important for those
products that require service or periodic repair, such as machines,
cars, etc.

DfD - Design for Disassembly

The development of the product design focusing on ease of
disassembly includes advantages such as: reduction of the work
required to remove parts of the product, reduction of maintenance
time, separation of compatible and incompatible materials, and
generates a greater interest in the final recycling of the product in
Sorting Centers. This variable is also called DfR - Design for
Recyclability because of the characteristic of providing a more
practical recycling of the product.

Design for Disassembly (DfD)
The Design for Disassembly (DfD) is one of the lines of reasoning in the design approach of
Ecodesign.
The practice of DfD is to facilitate deconstruction processes and procedures through planning
and design (RIOS, CHONG, GRAU, 2015). According to Yeang (2006) the basic principle of
design for dismantling (DfD) in construction is to achieve continuous reuse and recycling of
the built environment before the end of its useful life and thus influence the way in which the
various parts and components are assembled - together, fixed or connected. Figure 2
exemplifies the relevance of the design for disassembly.
For Taron (2016), since labor is the most costly aspect of screening a building in a series of
waste streams at the end of its life cycle, pre-fabrication presents an opportunity to
incorporate parts with the know-how of disassembly and self-class instead of resorting to
demolition.
Considering this assumption by Taron (2016), the use of precast concrete slabs in the
construction of the buildings can facilitate the disassembly and reuse of the pieces in new
constructions, or, to allow the recycling of these plates, which can serve as matter for new
uses in a "cleaner" way, since the pre-shaped plates can be removed without the building
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having to go through a demolition process, where all the materials that make up the building
are mixed.
DfE - Design for Environment

Ecology
- preparation
of resources
- reuse
- recycling

Technical
Flexibility
- accessibility
- replacement
- reconfiguration
- separation

Economy
- sustains the
market value
and quality of
life
- update /

Life cycle extension

Disassembly

Fig. 2 - Relevance of the Project for Disassembly

According to Yeang (2006), a characteristic of DfD includes the use of simple clamps, pins
and bolts, as most non-chemical attachments (with few connections that use glue, for
example). If glue is used, it should be a water-based adhesive, strategically applied and with
the minimum amount possible, not only to minimize the amount of adhesive used, but also to
allow replacement by other materials. The most successful systems are those that use a small
number of materials and components that can be easily dismantled, separated, rearranged, and
reused.
Another characteristic of DfD pointed out by Yeang (2006) is to guide the design of products
for the environment built to be durable or long life, with less need for elimination or
replacement. In today's economy, when based on the sale of goods, the financial interests of
the manufacturer become environmentally harmful and costly to customers. On the other
hand, when this economy is based on DfD service and flow, it is in the interest of both the
manufacturer and the customers to create long-life products using a minimum of energy and
materials. Demand for labor (to do all disassembly, sorting and recycling) increases as waste
is reduced.
Durmisevic's (2006) research assumes that the greater the capacity for transformation and
dismantling of a building, the less environmental impact it will cause and, therefore, the
greater the sustainability.
In this context, the environmental and use efficiency of the building may perform better with
increasing dismantling potential, which can be achieved by optimizing the DfD aspects.
Ecodesign in the post-operational stage of the cycle of buildings
Strategy 7 of the Ecodesign Strategies Web (Figure 1) focuses on the use of the product after
its useful life (post-operational phase), so that it does not cause environmental impacts when
reaching this stage. According to Nascimento and Venzke (2006), in this strategy the
following variables are considered: product reuse, reconditioning and remanufacturing,
recycling of materials, clean incineration and energy reuse.
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Generally, there is a discrepancy between the life of use and the technical life of the building
materials. The combination of construction methods and current market activities, which
result in shortening the time of use of buildings and systems and components, becomes a
major challenge in the necessary reduction of waste, materials and energy use during the life
cycle of buildings: "consequently, a complementary closed-loop approach is required in
building design, improving the overall efficiency of building materials and waste throughout
their entire life cycle" (Paduart et al., 2015), as can be observed in Figure 3.

Fig. 3 - Standard linear life cycle model of materials and components of constructions (above) and closed life
cycle model of materials and components of transformable structures (below)

In this way, a project for transformable buildings can help achieve long-term use of existing
buildings and their components, as long as they anticipate changes during the building’s
lifecycle (Durmisevic, 2006; Debacker, 2009; Paduart, 2012). This strategy includes
reversible fitting techniques that are combined with reusable building materials - so that
buildings can withstand future changes and, consequently, prolonged use of the same
components would enhance the environmental benefits during the building's life cycle
(PADUART et al., 2015).
The use of precast concrete in construction
Civil construction has been considered a lagging industry when compared to other industrial
sectors. The reason for considering it is based on the fact that it generally presents low
productivity, great waste of materials, slowness and low quality control. According to El Debs
(2000), one of the ways to seek to reduce this delay, to minimize waste and to invest in the
possibility of reusing these materials in new works is to combine techniques with the use of
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precast concrete elements. In this way, parts of the construction would be made under better
conditions than the site and then assembled as part of the construction process.
Among the benefits of the use of precast concrete in construction, it is worth mentioning the
reduction of construction time, better control of precast components and reduction of wastage
of building materials, without the possibility of reusing parts of construction in new buildings.
In buildings, precast concrete can be used in industrial, commercial and residential building
structures, as well as in multipurpose urban equipment such as hospitals, road and rail
terminals, among others. It should be emphasized that the application of the precast concrete
is not restricted to the main structure and can also be used in the closures of the building
encasement (El Debs, 2000).
Figure 4 below shows an example of construction with intensive application of precast
components in buildings. This involves the expansion of the Madrid-Barajas airport in Madrid
(Spain): a) execution of the precast concrete beam with mobile cramming; b) assembly of the
honeycomb panels; c) view of the work under construction; d) work ready.
a

c

b

b

d

Fig. 4 - Enlargement of Madrid - Barajas airport, in Madrid (Spain)

For a long time, the precast concrete structures were considered very rigid in relation to the
project, making the designers' freedom impossible. According to El Debs (2000), in fact until
the end of the year 1970 there was intensive use of constructions with much repetition. Due to
questions raised by this architecture, the projects are becoming more flexible and the
manufacturers of precast concrete have tried to meet the demand for projects of this type.
Figure 5 shows two representative examples of more flexible projects: the Bella Sky Comwell
Hotel in Copenhagen (Denmark) and the Le Saint Jude Residence in the region of Quebec
(Canada).
Precast concrete structures designed and built properly have durability and low maintenance,
this feature is enhanced by greater quality control of precast elements made in factories (EL
DEBS, 2000).
In view of the growing concern with the post-operational phase of the life cycle of buildings,
projects should consider ways to maximize re-use possibilities, or at least enable recycling of
the structure and its components. The use of precast components, in this case, can meet this
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current need of civil construction. An example of this can be seen in Figure 6, where the
deconstruction of old precast concrete silos in Copenhagen was performed for reconstruction
for residential use.

Fig. 5 - Examples of precast concrete application in more flexible designs

Fig. 6 - Example of deconstruction of old silos in Copenhagen for reconstruction for residential use

RESULTS
Considering a previously developed case study in Brazil by the authors, concerning a
residential building with 1.385,84 m², it was observed that for the purpose of calculating the
energy consumption in the post-operational phase of the life cycle of the building, it was
necessary to consider two main aspects, those being the consumption of energy to remove the
waste from the demolition site, and the energy consumption to demolish the building,
summing up to the total energy consumption for the demolition of a building.
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Only materials with the highest amount (m³) were selected for the analysis according to the
results obtained in the quantitative material. In Table 2, the materials and their respective
amounts in m³ are described. To obtain the mass of debris in kg, the specific weight of each
material was determined.
Table 2 - Materials adopted for calculation
Materials
Steel

Quantity
(m³)
2,75

Specific mass

TOTAL

(kg/m³)

(waste mass - kg)

7.800

21.450

Masonry*

663,05

2.100 - 2.300

1.732.015

Concrete

283,3

2.100 - 2.300

651.590

Wood
30,22
600
* Masonry sum acquired (m³) by summing the volume of the building’s mortar/plaster/rough-cast.

18.132

In this study, the transport distance traveled for the removal of the waste to the recycling plant
is 47 km. Another important aspect is that the energy consumption for the removal of waste is
divided into four other processes, including loading, crushing, transporting and unloading the
waste at the place of recycling or storage.
In order to verify the energy consumption in transport for each related material in Table 2, the
number of trips (back and forth) of the truck to transport the residues of each of the materials
was verified. Then, multiplying the number of trips by the energy consumption of the truck
(399,21 kWh), the total consumption in kWh was obtained to transport each material. To
reach the total consumption in kWh / m², the consumption in kWh was divided by the total
area of the building, 1.385,84 m². The results are shown in Table 3.
Table 3 - Use of energy for the transportation of waste
Materials
Steel

Number of truck trips

Total consumption
(kWh)

Total consumption
(kWh/m²)

1,07

428,15

0,31

Masonry

86,60

34.571,87

24,95

Concrete

32,58

13.006,06

9,38

0,91

361,92

0,26

Wood

It was verified that the energy consumption for the transportation of the waste is of 34,9 kWh
/ m², being that this value is related only to the use of the truck.
For the process of loading the waste into the truck, a height of 1,5 meters was assumed and
for discharging, a height of 1,0 meter. A total of 2.423.187 kg of waste was considered in the
loading and unloading processes, including masonry, steel, concrete and wood. For the
crushing process, a total of 2.383.605 kg of waste including masonry and concrete was
considered.
In order to make better use of each trip made by the trucks, it was assumed that the grinding
of the large wastes was done at the demolition site itself. An amount of of 55 kW was
considered for the power of the crusher. The materials considered for crushing were masonry
and concrete, disregarding the other materials. The results for each of the processes are shown
in Table 4.
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Table 4 - Energy consumption for other removal processes
Process

Energy consumption
(kWh)

Energy consumption
(kWh/m²)

Loading

9,90

0,0071

Crushing

2.184,97

1,5766

Unloading

6,60

0,0047

It has been found that the energy consumption for the processes of loading, crushing and
unloading of waste is 1,59 kWh / m². In view of these values, the total energy consumption of
waste from the demolition site is 36.49 kWh / m².
In addition to energy for the removal of waste, there is also the demolition energy. According
to the report developed by the World Business Council for Sustainable Development (2009),
the energy consumption for demolition is estimated at 92 MJ / ton. For demolition energy
consumption, the total amount of masonry, steel and concrete, was 2,405,055 kg, resulting in
44.35 kWh / m².
Figure 7 shows the total energy consumption for demolition, relating the energy consumption
for demolition and waste removal to the recycling plant.

Removal energy

Demolition energy

Fig. 7 - Total use of demolition energy

The total demolition energy consists of the sum of the demolition energy plus the energy for
removal, resulting in 80,84 kWh/m².
CONCLUSION
Considering the reuse of concrete from demolition in the construction of new buildings, it
would be possible to save 1,72 kWh / km·m² (total demolition energy / distance to the
recycling plant = specific energy consumption per kilometer) from new buildings, considering
(kWh / m²) and the distances for the transportation of debris from the demolition of buildings
(km).
In order to obtain better effects from the application of Ecodesign in civil construction,
specifically in the post-operational phase of the life cycle, it is necessary to consider the
flexibility of the architectural design from its conception; this could improve the useful life of
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the building and allow future adaptations, making feasible the reuse of the materials used.
Deconstruction of a building in such circumstances would make it possible to reuse virtually
all materials.
The project designed for future reuse enables a lower energy consumption, since the only
additional energy required is transportation, while in the recycling process, sufficient energy
is needed to divide a compound and reconstitute a complete material, which requires energy
in most cases. Reuse of components, such as structures, technical services and façade coatings
avoids the consumption of virgin raw materials and reduces the generation of waste.
To effectively integrate Ecodesign into the concrete reuse or recycling process, companies
responsible for this building industry may have to significantly change some of the practices
and habits of all stakeholders involved, along with the organization, and productive and
constructive techniques.
Within a life cycle analysis, the use of recycled concrete can reduce significant environmental
impacts. When you stop using recycled materials you increase the volume of waste deposited
in landfills, along with the associated environmental and health costs. In addition the use of
virgin materials is promoted. In some cases, transport needs for recycled concrete may also be
lower when compared to virgin materials and therefore fuel consumption, CO2 emissions and
the use of roads and vehicles can be reduced.
In view of the above, it is possible to conclude that if the Design for Disassembly is adopted
as a practice in conventional projects, it will allow existing constructions to serve as a source
of raw material for new constructions, rather than to extract resources from the natural
environment. In order to move towards such scenarios, it is necessary to change the
perception of the designer regarding the technical composition of the building, the transition
from permanent and fixed structures to mutable and flexible structures.
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ABSTRACT
Space structures are widely used to cover areas with no or few intermediate columns. These
structures possess important features such as light weight, elegant appearance, fast production
as well as ease of erection. Beside all these advantageous, space structures are prone to the
progressive collapse, which more often occurs due to failure of compression members. In the
present study, the “Alternate Path Method” has been used for the evaluation of progressive
collapse occurrence in the double-layer barrel vault space structures. At first, the critical
members, which their bucking causes the total collapse of the structure, have been selected.
Then, geometric-material nonlinear static and dynamic alternate path analyses have been
carried out considering the removal of critical members. When the progressive collapse
occurs, the Force Limiting Devices were used in the critical members in order to prevent the
occurrence of progressive collapse in these structures. Force limiting devices are used to alter
space structure compression members’ brittle post-buckling behavior to elastic-perfectly
plastic post buckling behavior.
Keywords: space structures, double-layer barrel vault, stability, progressive collapse,
alternative path method, Force limiting device.
INTRODUCTION
Progressive collapse phenomenon is now gradually taken into account in design standards
because of the catastrophic nature of its consequence, rather than for its high probability of
occurrence. Lots of methods to reduce capability of progressive collapse occurrence are
proposed but alternate path method is the most comprehensive and logical method. “Alternate
Path Method” permits local failure to occur but provides alternate paths around the damaged
area so that the structure is able to absorb the applied loads without overall collapse (GSA,
2003). In the present study, the progressive collapse resistance of double-layer barrel vault
space structures has been studied. The braced barrel vault is composed of members arranged
on a cylindrical surface (Figure 1).

Fig. 1 - Double-layer barrel vault space structure
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The basic curve is a circular segment; occasionally, a parabola, ellipse or funicular line may
also be used.
In this study, at first the double-layer barrel vault space structures have been configured using
the FORMIAN software. Then, these structures are designed using the SAP2000 v18.1.1
according to the AISC360-2010. All of the nonlinear static and dynamic alternate path
analyses have been undertaken using ABAQUS, which is a general-purpose finite element
program designed specifically for advanced structural analysis. In this study, to trace the
equilibrium paths through limit points into the post-critical range, the ‘Arc-Length Method’
has been used. Also, the dynamic alternate path method is presented to apply the dynamic
effects of initial local failure. This method can be used to evaluate realistic collapse behavior
of the structure and to investigate the vulnerability of the structure to progressive collapse
phenomenon. Finally, when the progressive collapse is occurring, the critical compression
members are equipped with force limiting devices in order to prevent the occurrence of
progressive collapse in these structures.
DETERMINATION OF THE COMPRESSIVE MEMBER BEHAVIOR
In this study, the double-layer barrel vault space structures with 80×120 m dimensions and the
mostly used height to span ratios (h/s) of 0.1, 0.2 and 0.3 have been considered (Figure 2).

h/s=0.1

h/s=0.2

h/s=0.3

Fig. 2 - Barrel vault models with three different height to span ratios

Most of the double layer space structures are constructed with pin connections. A nonlinear
static analysis has been carried out for obtaining the axial stress-axial strain behavior of
compressive members. In order to achieve the dominant buckling mode in member, according
to the Figure 3 an initial curvature with maximum lateral deflection amount of 0.001L is
applied to the middle of element (Shekastehband, 2014). Materially and geometrically
nonlinearities were considered for nonlinear analysis (Sheidaii, 2003). For determining loaddisplacement behavior after the limit point, the modified Riks method is used which is based
on the Arc-length method.

Fig. 3 - The initial curvature of the compression members
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As an example, the ideal axial stress-axial strain behaviors in tension and compression of the
pipe members with length of 3 m, used in all three model, have been shown in Figure 4.

(a)

(b)

(c)
(d)
Fig. 4 - The ideal axial stress-axial strain behaviors in tension and compression of the pipe members
with length of 3 m

DETERMINATION OF THE CRITICAL MEMBERS
In order to find the critical members of the models, which their bucking causes the total
collapse of the structure, at first a nonlinear collapse analysis has been carried out. It is
obvious that the removal of these members leads to considerable redistribution of the forces in
the remaining structure. In this stage, 12 critical members have been considered for each
model. As an example, the critical members of the structure with the rise to span ratio (h/s) of
0.3 under the symmetric snow load are depicted in Figure 5. All of the critical members have
situated in the bottom layers.
NONLINEAR ALTERNATE PATH ANALYSES
At first, the critical members, which their bucking causes the total collapse of the structure,
have been selected. In each analysis, only one member was removed from the overall barrel
vault model, and the structures were analyzed to determine the effect. Member loss could be
realized either gradually over part of loading history on the model, or suddenly at any load
level (Shekastehband, 2011). Then, geometric and material nonlinear static alternate path
analyses have been carried out considering the gradual removal of critical members. Table 1
gives the safety factor values obtained through the nonlinear static path analysis for all models
under different loading conditions. It is obvious that all of the obtained safety factors are
greater than 1. As given in Table 1, safety factor values increase by increasing h/s ratio at the
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same load pattern. Also through nonlinear static analysis of alternative path, it can be
concluded that the possibility of the occurrence of the progressive collapse for the models
with the safety factor value of near 1 is high due to the dynamic effects of member removal.

Fig. 5 - The critical members of the barrel vault model with the rise to span ratio (h/s) of 0.3
Table 1 - The safety factor values obtained through the nonlinear path method for all models under
different loading conditions
The height to span ratio of structure
h/s=0.1

Perfect
Removal of
member 1
Removal of
member 2
Removal of
member 3
Removal of
member 4
Removal of
member 5
Removal of
member 6
Removal of
member 7
Removal of
member 8
Removal of
member 9
Removal of
member 10
Removal of
member 11
Removal of
member 12

h/s=0.2

h/s=0.3

Symmetric

Asymmetric

Symmetric

Asymmetric

Symmetric

Asymmetric

1.71

1.99

1.89

2.03

2.41

2.73

1.1

1.4

1.37

1.76

1.57

1.67

1.11

1.46

1.33

1.79

1.58

1.7

1.15

1.48

1.37

1.76

1.64

1.69

1.15

1.48

1.36

1.81

1.62

1.71

1.44

1.59

1.72

2.0

1.86

1.77

1.39

1.63

1.7

2.0

1.92

1.76

1.41

1.6

1.67

1.98

1.86

1.81

1.41

1.63

1.68

1.98

1.86

1.82

1.54

1.53

1.75

1.93

1.84

1.75

1.56

1.59

1.74

2.01

1.84

1.79

1.56

1.58

1.76

2.01

1.84

1.77

1.6

1.58

1.74

2.0

1.82

1.78
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Therefore, in the following, nonlinear dynamic analyses is carried out. For this purpose, an
eigenvalue frequency analysis is taken for determining input values of the dynamic analysis.
For determination of the damping matrix, the “Rayleigh damping method” is used. This is
achieved by introducing two factors αm and βs, which are constants to be determined from two
given damping ratios that correspond to two unequal frequencies of vibration. The factor αm
defines the mass proportional damping, and the factor βs expresses the stiffness proportional
damping. Therefore, the damping matrix C can be defined as:
C= αm.M + βs.K

(3)

where M is the mass matrix and K is the stiffness matrix. To find the factors αm and βs, the
first five natural frequencies of the structure are obtained by an Eigen-value frequency
analysis. Because, higher modes with high frequencies require a relatively large damping
ratio, it is assumed that the first and fifth modes requires 1.5 percent and 2.5 percent,
respectively, that is, ξ1=1.5% and ξ5=2.5%. The factors αm and βs can be determined using the
following expressions:
αm=2 ω1.ω5.(ξ1. ω5- ξ5. ω1)/( ω52- ω12)

(4)

βs =2(ξ5. ω5- ξ1. ω1)/( ω52- ω12)

(5)

where ω1 and ω5 are the first and fifth natural frequencies of the structure, respectively. The
first and fifth mode shapes of the barrel vault model with the rise to span ratio (h/s) of 0.2 are
illustrated in figure 6.

The First Mode

The Fifth Mode

Fig. 6 - The first and fifth mode shapes of the barrel vault model with the rise to span ratio (h/s) of 0.2

The potential of progressive collapse can be assessed after carrying out the nonlinear dynamic
analyses. For this purpose, the design load is applied to the structure statically or dynamically
with slow pace. Then, one critical member is suddenly removed when the structure is under
the design load and implicit dynamic nonlinear analysis is carried out. The removal time
should be less that 0.1 of the first natural period of the structure according to the GSA code
(GSA, 2003). In the present paper the removal time has been considered 0.02 sec, as shown in
Figure 7.
As an example, Figure 8 illustrates the time-displacement responses of the barrel vault model
with the rise to span ratio of 0.3 after sudden removal of the critical members under
symmetric snow load. Also. Table 2 gives the safety factor values obtained from the dynamic
nonlinear alternate path analyses for this barrel vault model.
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Fig. 7 - Schematic view of the nonlinear dynamic alternate path method

Fig. 8 - The time-displacement responses of the barrel vault model with rise to span ratio of 0.3
after sudden removal of the critical members
Table 2 - The safety factor values obtained from the dynamic nonlinear alternate path analyses for the
barrel vault model with rise to span ratio of 0.3.
Structure
Perfect
Removal of member 1
Removal of member 2
Removal of member 3
Removal of member 4
Removal of member 5
Removal of member 6
Removal of member 7
Removal of member 8
Removal of member 9
Removal of member 10
Removal of member 11
Removal of member 12

Safety factor
2.41
Less than 1
Less than 1
Less than 1
Less than 1
Less than 1
1.92
Less than 1
Less than 1
1.84
1.84
1.84
1.82

Occurrence of progressive collapse
No
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
No

Applying Force Limiting Devices
Member ductility and distribution of forces are two main factors that affect double-layer space
structure behavior. Therefore, the methods for improving the double-layer space structure
response are divided in two categories, namely ductility management techniques and force
management techniques. Force limiting devices are an active type of ductility management
methods which introduce artificial ductility to space structure. Force limiting devices (FLD)
prevent sudden buckling of compressive members, that is, they alter brittle post-buckling
behavior of compressive members into the elastic-perfectly plastic behavior with long plateau
of member ductility. This device has been applied to the critical members caused the
progressive collapse of the structure according to the results obtained from the nonlinear
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dynamic alternate path analyses. The FLD has been activated in the critical compressive
members when the axial load is reached to the 90% of its buckling load obtained from the
nonlinear collapse analyses explained in Section 3, as shown in Figure 9.

Fig. 9 - The behavior of the critical members with and without FLD

At first, the first series of the members in which buckling occurs due to the sudden removal of
the critical members, obtained in Section 5, have been replaced by FLD. Then again, the
nonlinear dynamic analysis has been carried out in order to evaluate the possibility of the
occurrence of the progressive collapse. If the progressive collapse does not occur, it can be
concluded that the appropriate alternate path has been provided by applying FLD. Otherwise,
the second series of the members in which buckling occurs during the progress of collapse,
have been replaced by FLD. Then again, the nonlinear dynamic analysis has been carried out.
This process continues until the progressive collapse does not occur and the appropriate
alternate path to be provided by applying FLD. As an example, Figure 10 illustrates the
process of applying FLD to the critical members of the barrel vault model with rise to span
ratio of 0.3 under symmetric snow load.

Fig. 10 - The process of applying FLD to the critical members of the barrel vault model with rise to span
ratio of 0.3 under symmetric snow load (continues...)
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Fig. 10 (continued) - The process of applying FLD to the critical members of the barrel vault model with
rise to span ratio of 0.3 under symmetric snow load

RESULTS AND CONCLUSIONS
This study shows the capability of the alternate path method for the evaluation of progressive
collapse occurrence in the double-layer barrel vault structures. Also, the results demonstrate
the efficiency of the force limiting device in the prevention of progressive collapse.
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ABSTRACT
This work presents a numeric model for the calculation of the estimated service lifetime of
flexible pavements taking into account dynamic axle loads. The work is focus on the
evolution of the International Roughness Index (IRI) and fatigue damage along flexible
pavements service lifetime, and the effects of different maintenance strategies on these two
factors. The process and its sub processes are presented in this paper, explaining their
respective role into the model. The model was programmed into a software called “Dynamic
& Maintenance Simulation App (DMSA)”.
Keywords: flexible pavements, fatigue analysis, maintenance, numeric models in engineering,
dynamic axle loads.
INTRODUCTION
Road transport is a key element for the economic growth and development in modern
societies. For example, in the European Union, road infrastructures are a fundamental element
of social cohesion and prosperity, representing about 45% of the transported goods and over
80% of the passengers in the EU. However, due to the economic crisis, the maintenance
expenditure of the European countries had suffered, according to the OECD, a reduction of
over 30% between 2008 and 2011.
Nowadays, many national highway agencies recognize the importance of an adequate
preventive maintenance during the road pavement life-cycle. It is believed that if preventive
maintenance is programmed to be applied too infrequently the maintenance and user costs
will increase. On the contrary, if it is applied too frequently the maintenance program cost
will be reduced, but due the traffic interruption there are costs in terms of user delay and
inconvenience.
In this work, the effect of preventive maintenance on flexible pavement lifetime considering
dynamic axle loads (Navarrina et al., 2015 [1]) is analyzed. All the essential factors (traffic,
weather conditions, the specific fatigue law under consideration, the structural characteristics
of the pavement, the project lifetime, etc.) are included in the proposed formulations.
The schematic process is divided in three different sub processes, each one intended for the
calculation of a specific function (Pavement Deterioration Model, Dynamic Load
Amplification factor and Accumulated Fatigue Damage indicator).
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Pavement Deterioration Model: Since the International Roughness Index (IRI) is a worldwide
accepted concept, its variation over time is chosen as the representative variable of the
progressive deterioration of the road profile. The model used for computing the evolution of
the IRI over time can take into account multiple effects, such as the vehicles’ characteristics,
the initial road profile, the structural specifications of the pavement and the project lifetime,
among others.
Dynamic Load Amplification factor: The DLA factor quantifies the increase in the loads
transmitted to the pavement due to the dynamic effects (caused by the pavement
deterioration). The proposed model, called “Quarter Heavy Vehicle (QHV)” model, was
developed by Navarrina et al. in 2015 [1] as a variant of the “Quarter Car (QC)” model [2],
which is routinely used to calculate the IRI.
Accumulated Fatigue Damage indicator: This parameter quantifies the fatigue damage
suffered by the pavement along its lifetime, which is the main indicator of the loss of
structural integrity of the firm. The essential parameter for computing this indicator is the socalled reference strain (εr). In this work, we have used a “Multi-layer Elastic Model” based on
Burmister model [3].
The computational models used in this work for the different phenomena that are involved in
pavement deterioration are the bases of the software developed, named as “Dynamic &
Maintenance Simulation App (DMSA)”. Some of the above mentioned methods require
intensive computing, which makes them too costly for practical purposes. For this reason, the
intention of the author is to provide fast-calculation expressions that yield similar results,
which calibration is being performed at this time. It is obvious that faster calculations will
allow a better interaction between the user and the tool.
PAVEMENT DETERIORATION MODEL
The main objective of the PDM is to simulate the time evolution of the superficial roughness
for a given flexible paved road. This evolution is needed for the study of different
maintenance scenarios and their effects into the lifetime of the firm.
Several deterioration models can be found in the literature, each one with its own advantages
and disadvantages. As result of a deep study of an index, which is widely used in the vast
majority of the countries where road networks containing flexible paved roads are currently
under maintenance, monitoring or planning, IRI was found to be the most extended one. IRI
was developed by the World Bank in 1986 with the intention of establish the overall use of an
index to measure surface roughness on roads worldwide. IRI is obtained from measured
longitudinal profiles, and also, is being widely used as an user’s comfort indicator, and even,
used in economic studies concerning fuel consumption cost per kilometer in roads.
The PDM finally selected for this project simulates the IRI evolution over time produced by
the deterioration of the upper bituminous layer of a flexible paved road, and it is based on
HDM-III (Highway Design and Maintenance standards model III). It takes into account the
weather conditions of the region where the road analyzed is located, the initial conditions of
the road (roughness and structural properties), traffic and also previous rehabilitation or
maintenance works. This model was called the “D.0” by Paterson in 1992 [4]. The equation of
this PDM reads
IRIT = 1.04 emT [IRI0 + 263 (1 + SNC)-5 NET ]
where:
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IRIT = roughness at pavement age T (m/km)
IRI0 = initial roughness (m/km)
NET = cumulative ESALs (Equivalent Single Axle Load) at age T (million ESAL/lane)
T =pavement age since rehabilitation or construction (years)
m = environmental coefficient
SNC = Structural Number modified Coefficient for subgrade strength
To better understand the behavior of the PDM, a sensibility test was made, and the
environmental coefficient (m) was found to be the most influencing factor in the final time
evolution curve of the IRI (Figure 1).

Fig. 1 - Influence of the weather (m) in the deterioration curve.

DYNAMIC LOAD AMPLIFICATION FACTOR
Once the PDM is defined, the superficial deterioration of the pavement during its lifetime can
be simulated. It seems obvious that the dynamic effects exerted to the pavement by the traffic
will increase as the pavement deteriorates. Navarrina et al. [1] have developed a model for the
calculation of the fatigue damage for a given road along its lifetime, which takes into account
the contribution of the dynamic loads. The dynamic effects are introduced in the formulation
by means of the so-called “Dynamic Load Amplification” (DLA) factor, which represents the
increase in the magnitude of the loads exerted to the pavement in comparison with the static
case. The whole process for computing the DLA factor can be consulted in [1]. The DLA
factor can be calculated using the following equation.
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Where tmax is the time that takes the heavy vehicle to reach at the end of the interval studied,
η(t) is the dynamic amplification function, α is aconstant coefficient depending on the hot-mix
asphalt type, L is the length of the road profile, and δt and δx are the length of the sample
intervals in terms of time and distance, respectively.
Because, the model needs the road profile p(x) to calculate the DLA factor, it would be
necessary to provide frequent measures of the profile of each road being analyzed, in order to
achieve acceptable and realistic results. Since this is not practical, a model to simulate
artificial road profiles for a given IRI value was developed in this work. The fundamentals of
this model are presented below.
Road Profile Simulation Model
The road profile p(x) is introduced in the dynamic model by means of its Laplace transform
P(ξ)

which can be expressed in polar form

The modulus of the Laplace Transform can be written in relation to the Power Spectral
Density (PSD) function, denoted as Gd(n), as

The geometry of the road profile can be simulated if the PSD is known. In this work, we have
used the “displacement Power Spectral Density”. For this PSD, the ISO 8608:2016 [5]
recommends the use of the so-called straight line fitting, which uses a two parameter
spectrum to describe the road profile.

In this equation, Gd is the PSD of vertical displacements, n is the spatial frequency, while n0
and Gd(n0) are values established in the standard ISO 8608 in order to facilitate the
comparison between different road roughness profiles.
It is possible to generate an artificial road profile from a stochastic representation. This
stochastic process can be described in terms of the Power Spectral Density of vertical
displacements obtained through the Fourier Transform of the auto-correlation function. The
value of the Power Spectral Density function, assuming a continuous road profile, for a
defined value of spatial frequency n, within a frequency band ∆n, is defined as:

where ϒx2 is the mean square value of the component of the signal for the spatial frequency n,
cantered within a frequency band ∆n [6].
In the other hand, the road profile can be simulated from a simple harmonic function
according to [7]:
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where:
N ≡ L/B
L ≡Length of road profile
B ≡ Sampling interval
∆n ≡ Discretized frequency increment (1/L)
n0 ≡ Reference spatial frequency (0.1 cycles/m)
x ≡ Spatial variable for the ride ranging from 0 to L
φj ≡ Random phase angle uniformly distributed within the 0-2 π range
A number of simulations were run with the objective to find a relationship between Gd(n0)
and the resulting IRI associated to the profile. This relationship is presented in the next
equation.

ACCUMULATED FATIGUE DAMAGE INDICATOR
Finally, and once the previous models are defined, we need to determine the fatigue failure of
the pavement. To this end, the accumulated fatigue damage indicator is presented.
Miner [8], expressed mathematically the concept of fatigue damage by means of the formula

which quantifies the total accumulated fatigue damage D that is reached when different loads
are repeatedly applied in different proportions, where ni is the actual number of cycles of each
load and Ni is the total number of cycles needed to reach the fatigue failure when only load i
is applied.
The ratio between the actual number of cycles and the number of cycles to failure can be used
as an indicator of the accumulated fatigue damage caused by one single load repeatedly
applied.
The strain-based fatigue model of a hot-mix asphalt pavement can by expressed as

where N is the number of load cycles to failure, ϵr is the reference strain, which quantifies the
structural damage caused by one single load and, K and α are coefficients that depend on the
hot-mix asphalt type.
According to [1], the dynamic counterpart of the accumulated fatigue damage indicator can be
written as
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where T is the time, Tp is the project lifetime, τ is the nondimensional time when T is scaled in
relation to Tp, and Ed is the dynamic loading counterpart of the equivalent project traffic.
In order to calculate the accumulated fatigue damage indicator, taking into account the
dynamic loading case, the reference strain (ϵr) of the asphaltic layers must be determined. A
Multi-layer Elastic Model was developed for this purpose, and the reference strain of the
pavement section T3121, taken from the Spanish standard 6.1-IC [9], was calculated with
different axle configurations (single axle, dual axle, tandem axle and tridem axle). Figures 2
and 3 present the distribution of the reference strain using the dual axle defined in Figure 4.

Fig. 2 - Dual axle 2D distribution of the reference
strain.

Fig. 3 - Dual axle 3D distribution of the reference
strain.

Fig. 4 - Schematic definition of the dual axle.

DYNAMIC AND MAINTENANCE SIMULATION APP
The result of this work is the development of a tool named “Dynamic & Maintenance
Simulation App” (DMSA) that simulates the evolution of the IRI and fatigue damage along
the flexible pavement service lifetime. Different maintenance scenarios can be analyzed in the
evolution of these two key indexes.
DMSA is able to simulate real maintenance strategies and their effects on the pavement’s ride
quality and structural integrity. This new tool has been developed specifically for the
evaluation of projects financed by the European Investment Bank (EIB). Figure 5 shows the
main window of this new tool.
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Fig. 5 - Main window of DMSA.

To show the potential of this new tool, the results of different maintenance strategies are
presented in the next figures.
Case 1- No maintenance actuations: Figure 6 shows the time evolution of the IRI and fatigue
damage along the pavement lifetime. As can be observed, the fatigue failure is reached at year
25, which means, for this specific case, 5 years below the end of the project design life period.
Also, the IRI value at that time (after 25 years) is close to 10 mm/km, which can be
considered too high for a comfortable and safety driving, and increasing the transport fuel
consumption due to the decrease of the vehicles’ speed.

Fig. 6 - Sample Case - Maintenance strategy without actuations.
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To remedy this situation it will be necessary to carry out a complete rehabilitation. In order to
solve this situation a maintenance strategy needs to be defined, since the increase of the IRI
value is associated with an increase of the dynamic load amplification, the maintenance
strategy should focus on decreasing the IRI value.
DMSA lets the user to select the IRI value of the road after the actuation, offering, also, the
possibility of choose between automatic maintenance actuations (fixing the IRI value above
which the actuation takes place) or punctual actuations (by selecting the year and month of
each single actuation). At this respect, the maintenance strategy 1 shows an automatic
maintenance example, while the maintenance strategy 2 does it with punctual actuations.
Case 2 - Maintenance Strategy 1: This strategy consists on superficial actuations when the IRI
value of the pavement reaches a value higher than 4.5 m/km. This strategy improves the final
pavement lifetime maintaining the IRI into an acceptable range of values, making use of two
actuations.

Fig. 7 - Sample Case - Maintenance strategy 1.

Case 3 - Maintenance Strategy 2: In this maintenance strategy, three punctual actuations are
performed during the pavement lifetime:
-First Actuation: Year 7, month 7 with an IRI value after actuation of 1.5 m/km.
-Second Actuation: Year 15, month 6 with an IRI value after actuation of 1.5 m/km.
-Third Actuation: Year 22, month 8 with an IRI value after actuation of 1.5 m/km.
This strategy keeps the IRI value below lower limits compared with the previous maintenance
strategy, but employing one more actuation.

-622-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

Fig. 8 - Sample Case - Maintenance strategy 2.

CONCLUSIONS
The result of this work is the development of a tool named “Dynamic & Maintenance
Simulation App” that simulates the evolution of the IRI and fatigue damage along the flexible
pavement service lifetime. Different maintenance scenarios can be analysed in the evolution
of these two key indexes.
The results obtained in this work confirm the need to take into account the dynamic loads in
pavement design. We have shown the importance of carrying out adequate preventive
conservation strategies in order to limit the growth of the IRI and the dynamic load
amplification factor, thus increasing the lifetime of the road.
This study shows that there are substantial differences in the service lifetime of flexible
pavements depending on the maintenance strategy applied; concluding that, a decrease of the
IRI implies a decrease of the DLA factor, increasing the pavement lifetime. The results of this
study can be used to define a set of recommendations on how to evaluate different
maintenance strategies by road project promoters. The tool developed in this study can be also
used as an evaluation tool for projects.
In this work, an expression modeling the relationship between IRI and the PSD of an artificial
road profile is presented.
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ABSTRACT
This is work aims to demonstrate that some technologies already used in developed countries
have great potential to leverage the economy in developing countries such as Brazil and to
promote an improvement in the housing situation for thousands of people who often live in
conditions of ecological vulnerability and social, through a property that brings quality of life
and social dignity, as well as generating jobs and developing the economy of these countries.
Civil construction comparisons are used among the various construction methods, showing
better quality and economy in order to make this social, technical and economic development
feasible.
Keywords: reinforced concrete, prestressed concrete, human and economic development.

INTRODUCTION
There are constructive processes widely used in developed countries, which are
methodologies that present technical and economically viable qualities that would be
extremely important to leverage the economy of developing countries like Brazil, mainly
developing technological and social development. These technologies, demonstrated and
studied here, are tools that can help these countries afford economically real estate for the
population with few financial conditions, which now constitute a population of about 50% of
the total population in Brazil, which today is 190,755,799 inhabitants, a total of
95,377,899.50.
The use of the above technology could contribute to the housing deficit in Brazil that revolves
around 6 million housing, according to the Brazilian Institute of Geography and Statistics.
These types of technologies can reduce construction costs by around 25%, as shown in
various academic papers in Brazil and in many other countries with USA and France.
According to these studies, the country is able to increase considerably the number of
dwellings.
In a country like Brazil, a high-quality, affordable technology that has already been tested and
widely used by countries such as the USA, with an economy of about 25% compared to
reinforced concrete, structural masonry, is certainly a great tool for beginning a great
economic and social development for countries in crisis like Brazil, as shown in Figure 1.
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RESULTS
The results of the studies carried out in academic analyzes show that the economy made with
the use of a structural masonry system and slabs in greenhouses using protension proved to be
feasible in order to meet the technological and technological needs of a large country and
economic growth and significant improvement for the large low-income population, as shown
in Figure 1. And in Figure 2 we can observe the housing deficit in the main metropolitan areas
of Brazil.

Fig 1 - Comparison in R $, of the cost of the
Conventional Masonry System x Structural Masonry

Fig. 2 - Housing deficits in the main
metropolitan areas of Brazil

CONCLUSION
This study shows how simple technologies can leverage the economy of a country with
technical development for the construction industry and benefit thousands of people with
dignified housing and with high quality technology and compatible with the needs of the
country.
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ABSTRACT
This study illustrates how the role of project design doesn’t end with the prefiguration of the
finished object. On the contrary, the purpose of drawings is to illustrate how work must be
carried out on site in order to explain the construction phase: the aim is to accompany the
work from its conception to the final delivery.
Keywords: design, project, process, innovation.

INTRODUCTION
We can see how considerable progress in terms of quality of building products has been made
in the construction sector over the years. Nevertheless, there hasn’t been an equally satisfying
increase in the quality of the finished product. On the contrary. The aim is to take the
improvements introduced by the industry, producing higher-performance construction
materials, and incorporate them into the construction of buildings. This activity is often
carried out by poorly qualified people and is characterised particularly by a problematic
fragmentation of those involved. As a result, project design is increasingly required to
describe not only the elements used in construction but also the activities to be carried out.

THE DIFFICULT MEASURE OF CONSTRUCTION QUALITY
For the above reasons, on contemporary construction sites, the simple transposition of
consolidated design practices can cause difficulties. Sometimes, executive project designs
provide the information required by the customer but fail to completely and analytically
support the specific indications relating to the performance and entry into operation of the
construction elements. Quality is now absolutely essential in various areas. The word project
is becoming more and more closely linked to concepts of management and organisation, and
the combination of the terms project and management seems to have become a guarantee of
quality of the results obtainable, so much so that, if considered according to an apodictic
approach - the quality of a project could be paradoxically made to coincide with the
possibility to efficiently manage all the problems inherent in it (Campioli, 1997) - creating a
confusion with regard to the tools and motivations applied to it.
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The construction system can be likened to a system with several variables, which do not
always help solve the problem in stable terms. At a first glance, they can be divided into two
categories. The first concerns the intrinsic design quality, regarding the correctness of the
general design choices made, according to a vision in which forecasting and the
transformation of reality, as described by Carlo Giulio Argan in Progetto e destino, take
precedence over managerial aspects. The second is related to specific accomplishment. In
turn, two distinct attitudes still coexist within the sphere of design. On one hand, there is still
a situation of intellectual detachment, based on sustaining a vision of design which makes no
tangible attempt to transform the built-up environment. Within this sphere, there is no trace of
the desire to influence reality, merely an observation of the paradox of drawings which are
perhaps tools for criticism of reality and opportunities to describe imaginary worlds that
would be hard to accomplish or, worse again, paper architectures: drawings in which the
project is developed as a mere exercise in composition, avoiding every form of confrontation
with technical accomplishment. In this case, design becomes the aim rather than the method
(Coppo, 1983). On the other hand, there is the position which is necessarily attentive to the
cultural category of the utilitarian approach. It looks at several different aspects, from the
culture of creating to the culture of engineering. The spirit of the culture of creating, while
taking a withdrawn stance, linked to the artisanal nature of construction, highlights the
importance of considering the entire process of design/construction as a unitary act. Often,
construction drawings are created by a single professional or a team capable of individually
managing the complexity of the project. When the complexity of the various aspects of the
project and professional specialisations required to tackle them increase, experience teaches
us that the culture of engineering takes on a priority role. This is based on the conviction that
the project can be tackled in two separate phases: the first, which concentrates on the function
and formal aspects of the subject, and the second, which looks at engineering, accompanying
the previously established idea of space and shape with the technical information that enables
construction: we could say, paraphrasing the subtitle of a text written by Margherita De
Simone (De Simone, 1990) that the passage is “from the design to the idea to the project of
the object”, but, alas, with a jump that marks its discontinuity.
In order to overcome this operational dichotomy, the culture of project management is now
taking hold. In this case, the general quality of a building/architecture is measured by
compliance with the needs for which it was built. Several levels of design are involved.
Typological and environmental quality are related to the specific phases of the economic and
definite feasibility project, while technological quality concerns definitive and, above all
executive design. To complete the process, the procedures of project management have
introduced the principle of effective quality, which can be pursued during the operational
design phase. This is the fourth level, after the executive design phase, and its aim is to
achieve correspondence of final quality to the levels expressed in the previous design phases.
Operational quality can be described as “a product’s capacity to meet the expected levels of a
performance programme referred to the reduction of the resources and times necessary, from
arrival on site to transformation or installation” (Allodi, 2008).
The intention here is to analyse the importance of drawing during the operational phase,
paying attention to system quality (see UNI EN ISO 9001) in terms of working methods and
design procedures.
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DETAILED DRAWINGS FOR THE DESIGN OF TECHNOLOGICAL QUALITY
On-site activity currently presents problems relating partly to the difficulty in combining
high-performance technological materials and partly to the use of unqualified labour, without
thinking of the fragmentation that characterises the production of construction elements and
the production process as a whole. The current scenario requires particular attention to
detailed drawings, even more so than in the recent past, so much so as to reflect the contents
of the manual skills applied at the beginning of the last century, without it being possible to
re-propose their universal values.
Several years ago, before the exasperated specialisation, linked to the rationalisation of the
production process characteristic of the industrial age, invested the construction sector, the
state of the art definition generated a series of operations left to the responsibility of the
executor, of which the designer already knew the final outcome. Today, in the climate that has
developed within the technical world and as a result of the fragmentation of the production
system, which has witnessed the disappearance of the construction skills once possessed by
the construction firms, the relationship between designer and builders is completely different
to the way it was in the past. This is attributable to the introduction of prefabricated
components and to the fact that some of the executors (in relation to their lack of knowledge
of the legal aspects of operational dexterity) are increasingly less able to control construction
in its entirety. In construction, while the term artisan was once synonymous with
professionalism and ability, nowadays it is increasingly associable with the mere performance
of work contracted out to various companies.
There is also an increasing spread of evolved versions of traditional techniques which while
retaining their artisan origin with regard to conception and method of assembly, have evolved
through a slow process of transformation, attributable largely to the replacement of traditional
materials (Mangiarotti, 2005) with materials the installation of which, increasingly without
the use of adhesives, is mediated by production systems different to those used in the
construction sector. In this context, the architectural detail elaborated by the designer takes on
the didactic function of training qualified operators. The mind goes to the more specific
technical construction manuals written between the 19th and 20th centuries, when the arrival
on the scene of new construction practices and the widespread use of operators from other
sector (especially farming) imposed the need for simple and effective formative references.
We can look at construction details from a systematic approach, on the basis of which to
present messages from the designer to the executor, in compliance with the principle not only
of what to do but also how to do it, all aimed at production.
Within the framework above, we can agree that the “detail becomes constructive when the
executive detail is destined directly an exclusively to production” (Mezzetti, 2006). To this
end, the scales of representation (usually large), the systems of projection (often axonometries
and the related blow-ups), and the graphic codes used become extremely important. The same
reasoning can be used when it comes to passing from the construction of products on-site to a
disjointing implementation of prefabricated components.
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THE REPRESENTATION OF CONSTRUCTION PHASES: OPERATIONAL
PROJECT DOCUMENTS
Operational quality can be recognised as a product’s or an element’s capacity to meet the
functional and performance levels expected from it.
According to a consolidated practice within the scope of representational disciplines, the next
moment in the design procedure following the perfection of the design for implementation on
site is the operational design phase. The aim is to stipulate a series of operations with which
we progress from the elaboration of the design of the aims to their accomplishment. It turns
out that this is one of the main causes of multiple conflicts during the launch of the site phase,
where the executive design directions are adapted to the skills, abilities and technical habits of
the site operators. The graphic and descriptive documents, being drawn up with the executive
design (before the tender) are often general and fail to consider the plans of execution drawn
up by the company for the implementation of the fabrication sequences.
In specific terms, the operational design plays the role of bringing eh various technological
subsystems together, coordinating them on the basis of the overall executive planning of the
operation (Garzino, 2009). Every operational plan, containing the instructions and details on
the components, must also be integrated with indications on the measures and devices capable
of guaranteeing, in safe conditions, the regular performance of the various activities. Every
technological subsystem is subject to the formulation of a special operational plan, articulated
into basic plans (prefabrication, connection, assembly, and technical and organisational
interface, etc.). In this sense, the graphic elaborates are created to contain additional pertinent
content. This operationality not only regards how to do something (an approach with which,
thanks to recurrent appointments, the history of design has given designers the habit of
organising design tables every time they use an innovative technology, as in the case of
constructions made of iron, reinforced concrete, etc.) but above all what to do and when to do
it. Project design also becomes a tool for the regulation of site organisation and construction
activity. In the industrial world, more so now than ever before, the innovation of greatest
economic importance, is related to the organisation of production systems, even before the
relative production technique itself. In the same way, we can see how the most significant
aspect in terms of business resources for construction is the regulation on on-site activity. It is
necessary to think of an operational project design which shows operators grouped together
into teams which are not directly related to one another what to do and when, even more so
than how. This need corresponds in two ways to the legislative framework that increasingly
imposes bureaucratic control over operations and assigns professionals specific
responsibilities.
In order to make the contents of the operational design as clear as possible, the design tables
must highlight not only the safety instructions for the operations in question but also the
details of how they have to be implemented, for each work phase. Alongside typological and
functional metric indications and descriptions of the elements (illustrated file with objects /
capitolato figurato a oggetti - CFO), the representation of the most frequent construction
dynamics with also appear.
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Figs. 1/7 - Representation of construction phases: operational project documents
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Figs. 8/9 - Representation of consolidation works and operating instructions
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RESULTS AND CONCLUSIONS
The research carried out shows how, in the construction sector, in the case of renovation and
conversion operations, it is necessary to be aware of the fact that the project has two
components. The first consists of the combination of technical elaborates, drawings and
reports that describe the work and indicate its physicality. This knowledge must be joined by
a combination of know-hows relating to the effective organisation of the procedures for the
creation of the element, known as process activities, which can be acquired mostly only when
the site is open and which form the second component. It must be remembered that, in the
case of operations involving existing buildings, the construction sphere is characterised by
little repetition of procedures, activities that are similar but never the same, and unpredictable
variables which can be traced back to the unveiling of the building as work progresses.
Moreover, particularly within the spheres of agglomerates that are already built, every site is
different in terms of environmental conditions or type of building, with phases that are
affected by uncontrollable external conditionings. Within this framework, it is obvious how
the technical project, in engineering terms, characterised by dimensions as well as the analysis
of deformations to which the resistant sections are subject, has to be accompanied by
procedural documents which, in the case of construction, are made up of graphic elaborates
which show the methods used to accomplish the parts of the construction operation within
each technological subsystem.
The graphic language used for the project design must meet the quality expectations
expressed in every phase of the construction process, from the moment of conception to that
of completion. It must illustrate in geometric and quantitative terms the elements and, at the
same time, describe the construction phases also in terms of optimisation of human resources,
paying attention to correctness and constructive safety, as well as the economy of resources.
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ABSTRACT
The seismic performance of timber shear walls is studied in this work, with focus on the
energy dissipation ensured by sheathing-to-framing connections. Numerical non-linear
analyses are carried out using a parametric numerical model developed in OpenSees and
varying some basic design variables affecting the overall racking capacity of the wall,
namely: aspect ratio, nails spacing, and number of vertical studs. The equivalent viscous
damping has been assessed by estimating the damping factor η through the Capacity
Spectrum Method.
Keywords: Timber shear walls, energy dissipation, equivalent viscous damping, capacity
spectrum method.
INTRODUCTION
Timber light-framed constructions are widely used in North America, New Zealand and
Northern Europe. These structural systems are very attractive for several reasons, including
aesthetic pleasure, sustainability and rapid assembly of the elements. Moreover, they present a
fairly good earthquake resistance, basically attributable to the high strength-to-density ratio of
the timber and to the remarkable ductility of the joints with metal fasteners, which ensure
reduced inertia forces and good energy dissipation, respectively.
Within this framework, a large amount of research on timber shear walls was carried out in
the last decades. In fact, research on their mechanical performances dates back to 1927
(Peterson, 1983). Existing studies on racking resistance, stiffness and ductility conducted by
means of experimental, numerical and analytical methods have demonstrated the good
mechanical performances of light frame-wall assemblies. Generally, timber has a poor
dissipative capacity, unless it is properly reinforced (Jorissen and Fragiacomo, 2011), while
the steel connections can ensure a good amount of plastic deformation and, as a consequence,
a significant energy dissipation. In order to take into account this aspect, the designers can
refer to the force-based design method proposed by EuroCode 8 (EN1998-1-1:2003), which
allows to reduce the ordinates of the elastic acceleration spectrum by applying a reduction
factor. Two approaches are commonly employed to this end, namely the N2 method (Fajfar,
1999) and the Capacity Spectrum Method (CSM) (Freeman, 1978 and 1998). The latter was
considered in (Filiatrault et al., 2003) to correlate structural damping and drift in timberframed building. Overall, few efforts have been spent so far to analyze the mechanical
behavior and the energy dissipation of a single wall, and few parametric analyses are available
that consider different wall configurations (Salenikovich and Dolan, 2003; Dhonju et al.,
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2017). Therefore, an original parametric FE model has been implemented in the present work
by means of the open-source software OpenSees (McKenna and Fenves, 2001) in order to
assess the equivalent viscous damping of timber shear walls by estimating the damping factor
η through the Capacity Spectrum Method.
TIMBER SHEAR WALLS
Timber shear walls are employed in platform framing buildings. It is pointed out that only
partially anchored walls will be investigated in this study. Details related to the classifications
of timber shear walls can be found in (Porteous and Kermani, 2013) and (Salenikovich and
Dolan, 2000), whereas the interested reader can refer to (Kolb, 2008), (Mehta et al., 2009) and
(Wacker, 2010) for detailed explanations about the differences between balloon and platform
framing buildings. A light-framed timber shear wall is composed by vertical studs and
horizontal joists (which belong to the frame) connected at their ends with internal constraints
(typically modeled as hinges). This integrated system is braced by means of a sheathing panel,
linked to the frame by using metal fasteners such as nails, screws and staples. The sheathing
panel, in turn, can be built using different materials, like OSB, ply-wood, gypsum, glued
laminated guadua bamboo (Varela et al., 2012) and so on. The size of the sheathing panel,
which could be used to brace one or both sides of the wall, sets the dimension of the frame. A
typical size of a shear wall is 1.22 m × 2.44 m or 2.44 m × 2.44 m, whereas the framing
elements cross-sections are about 38 mm × 89 mm and 38 mm × 140 mm for internal and
external wall studs, respectively (Wang et al., 2017). A typical configuration with only one
side braced with a sheathing panel is shown in Figure 1.

Fig. 1 - A typical configuration of a fully anchored timber shear wall braced on one side, with further layers to
improve thermal performances and fire-vapor resistances.
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This integrated system is conceived to resist to different static, quasi-static and dynamic
actions and its performances related to thermal insulation and fire-vapor resistances are often
improved by adding further specific layers exploiting the thickness of external wall studs.
Typically, the connection between framing elements and sheathing panels are made by means
of 6D, 8D and 10D nails with thick shank placed on perimeter framing elements (the usual
spacing is 50 mm, 75 mm or 100 mm) and intermediate studs. In the latter case, the spacing
could be two or three times that on the perimeter studs because, as pointed out in (Källsner
and Girhammar, 2009), nails on the intermediate studs are only meant to prevent buckling of
the sheathing panel and do not contribute to the racking capacity of the wall. In the so-called
fully anchored timber shear wall, the connections with either the foundation or the lower
storey shear wall are made by means of steel brackets, which prevent both lifting and
horizontal relative sliding. The effects induced on the overall mechanical response by
sheathing-to-framing connections have been investigated in (Sartori and Tomasi, 2013;
Humbert et al., 2014; Germano et al., 2015). Further details about base and stud-joist
connections can be found in (Gavric et al., 2015) and (Humbert et al., 2014), respectively.
NUMERICAL MODELING AND VALIDATION
To the best authors’ knowledge, the finite element (FE) model developed in this work is the
first numerical model of timber shear wall implemented in the open-source software
OpenSees (McKenna and Fenves, 2001). The model has been implemented in the TCL
environment in such a way to allow rapid definition of all geometric parameters affecting the
racking capacity of the shear walls, namely: panel size, horizontal and vertical nails spacing,
and number of vertical studs. Once these parameters are defined, the number of nodes and
elements are updated automatically. For this FE model, it is assumed that the base and height
of the shear wall are aligned with the x-axis and the z-axis, respectively. The frame elements
have been modeled using one-dimensional elastic beam column elements, whereas non-linear
zero-length link elements are adopted to represent sheathing-to-framing connections. The
sheathing panel is modeled by means of two-dimensional, stiff plane-stress elements
(ShellMITC4), whose mesh size depends on the nails spacing. In order to consider the
constraints at the ends of framing elements acting as hinges, zero-length elements with a low
stiffness value for the rotational degree of freedom along the y-axis have been used. Fullyfixed boundary constraints are assumed at the bottom corner nodes, as shown in Figure 2.

Fig. 2 - FE model implemented in OpenSees (5 × 3 nodes are considered in this scheme).
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The reference wall configuration is the one considered in (Gattesco and Boem, 2016), which
has the following geometrical features: width 1.8 m, height 2.6 m, nails spacing 50 mm, 4
vertical studs without internal releases. The mechanical characteristics used for the framing
elements are referred to red spruce wood species with strength class C24 (EN 14080, 2013
and UNI EN 338, 2009). The displacement level selected for the analysis is equal to 21 mm to
consider stable hysteresis cycles of the nails, without strength and stiffness degradation. The
SAWS mechanical model, originally proposed by (Foschi, 1977) and developed in (Folz and
Filiatrault, 2001), has been adopted to simulate the behavior of sheathing-to-framing
connections. The corresponding model parameters are identified against the experimental
result given for a single nail Φ 2.8 by Gattesco and Boem (2016). In doing so, the nonclassical identification methods presented in (Quaranta et al., 2010) have been used, adopting
the following objective function:

f ( x) =

S
2
1
F m (x) − Fs exp )
exp ∑ ( s
S ⋅ var ( F ) s =1

(1)

where x is the vector collecting the model parameters whereas Fsm and Fsexp are predicted and
experimental force values, respectively. Moreover, s is the generic sample (S denotes the total
number of samples) and var(Fsexp) is the variance of the experimental force values. The
comparison between experimental and identified force-displacement curves of a single nail is
shown in Figure 3, together with the comparison between experimental and predicted loaddisplacement curves of the reference wall. It is possible to observe that racking capacity and
hysteretic cycles evaluated using the proposed numerical FE model are in good agreement
with the outcomes of the experimental tests shown in (Gattesco and Boem, 2016).

Fig. 3 - Identification of SAWS model parameters for the sheathing-to-framing connections and validation of the
FE model: comparison between experimental and identified force-displacement curves of a single nail (left),
comparison between experimental and predicted load-displacement curves for the reference wall (right).

SENSITIVITY ANALYSIS
Once identified the constitutive law of the sheathing-to-frame connections, the overall
response in terms of hysteretic damping and racking capacity of different timber shear walls
has been evaluated. A horizontal cyclic loading under displacement-controlled conditions has
been applied. Aspect ratio (i.e., height-to-width ratio), horizontal and vertical nails spacing
and number of vertical studs have been varied in order to quantify their influence. As pointed
out in (Salenikovich and Dolan, 2000), the aspect ratio strongly influences the response of
partially- and non-anchored walls, and the peak load is achieved when the first sheathing nail
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in the tension corner is torn through the panel edge. The contribution of shear deformation to
storey displacements increases if the base of the shear wall is significantly larger than its
height, as pointed out in (Anil et al., 2017). Conversely, if the base is about 30% of the height,
then the flexural behavior is dominant.

Fig. 4 - Influence of aspect ratio on the overall response of the wall: 1.4 (dotted line, slender wall,
hysteretic damping equal to 19%),; 1.0 (dashed line, square wall, hysteretic damping equal to
23%); 0.7 (solid line, squat wall, hysteretic damping equal to 32%).

Fig. 5 - Influence of nails spacing on the overall response of the wall: 50 mm spacing (solid line,
hysteretic damping equal to 19%); 75 mm spacing (dashed line, hysteretic damping equal to 18%);
100 mm spacing (dotted line, hysteretic damping equal to 17%).
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Fig. 6 - Influence of number of studs on the overall response of the wall: 3 studs (dotted line,
hysteretic damping equal to 22%); 4 studs (dashed line, hysteretic damping equal to 19%); 5
studs (solid line, hysteretic damping equal to 17%).

As shown in Figure 4, the lower the aspect ratio, the higher the hysteretic damping and
racking capacity. The red marker is a control point that identifies force and displacement
values of the wall corresponding to a resistance decrease equal to 65% for at least one nail,
according to the experimental data in (Gattesco and Boem, 2016). This is a control parameter
that allows to check the deformation level achieved by the whole system. The relative rigid
rotation of the sheathing panel with respect to the frame mostly stresses the nails near the
corners, whereas the others remain in the elastic range. By varying horizontals and vertical
nails spacing from 50 mm to 100 mm, it is possible to observe a reduction of racking capacity
and hysteretic damping at the same displacement level (Figure 5). Particularly, the reduced
number of nails on the perimeter studs makes the overall system more flexible. Finally, the
influence of the studs number is assessed in Figure 6. Here, it is worth to notice that no nail
achieves a resistance decrease of 65%, except in the configuration with 3 vertical studs.
EQUIVALENT VISCOUS DAMPING
A simplified way to take into account ductility or dissipative capacity of a structure in modern
seismic design codes is based on the reduction of the elastic spectrum ordinates. According to
the Capacity Spectrum Method, the scaling of the elastic spectrum is function of an additional
equivalent viscous damping ξ eq , which is computed as follows:

ξeq =

ED
4π Es 0

(2)

where ED is the dissipated energy in a single cycle, normalized to the elastic strain energy in a
half cycle, Es0.
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The total equivalent viscous damping ξtot is obtained by adding the inherent viscous damping
ξ0.05 (equal to 5%):

ξtot = ξ 0.05 + ξ eq .

(3)

The reduced spectrum is then obtained by using the damping correction factor η (Eurocode 8,
EN1998-1-1, 2003; NTC-08), which is computed as follows:

η=

10
.
5 + ξtot

(4)

The equivalent viscous damping as function of the drift value (defined as the ratio between
horizontal displacement and wall height) for different wall configurations is given in Figure 7.
It is remarked that the displacement level selected for the analysis is equal to 21 mm, in such
a way to obtain stable hysteresis cycles of the nails, without strength and stiffness
degradation.

Fig. 7 - Equivalent viscous damping as function of the drift for different wall configurations. The
solid black line indicates the reference configuration: aspect ratio equal to 1.4, nails spacing equal
to 50 mm and 4 vertical studs.

As shown in Figure 7, the linear variation observed by Filiatrault et al. (2003) for wood
framed buildings is fairly confirmed for timber walls as well. It can also be inferred that the
energy dissipation strongly depends on the aspect ratio, thereby confirming the results in
(Salenikovich and Dolan, 2000). However, it is worth highlighting that the larger the wall
size, the larger the number of vertical studs and the overall number of vertical nails. The
resultant global system is stiffened: with respect to the values shown in Figure 7, therefore, a
reduction of the amount of dissipated energy is thus expected. This is due to the fact that a
lower plasticity level is reached by increasing the number of vertical studs and, consequently,
the overall number of nails. Conversely, the number of yielded nails grows by reducing the
number of vertical studs, and thus a higher amount of dissipated energy is achieved.
-647-

Topic-I: Civil and Structural Engineering Applications

Particularly, a higher amount of nails, especially on the intermediate studs, makes the overall
system more resistant, preventing buckling of the sheathing panel, without providing a
contribution in terms of plastic deformation and energy dissipation. By reducing the nails
spacing, a stiffer wall is observed but a higher value of the equivalent viscous damping is
obtained, due to the gradual resistance reduction of the nails. For the reference configuration
(nails spacing equal to 50 mm, 4 vertical studs, aspect ratio equal to 1.4), the equivalent
viscous damping is about 19%. This means that the value of the total equivalent viscous
damping required to estimate the reduction of the elastic demand spectrum is about of 24%
(assuming an inherent viscous damping equal to 5%). Hence, the resulting η factor is about
0.59. A summary of the results related to the variation of racking capacity, total equivalent
viscous damping and damping factor, with respect to the geometric input parameters used in
the parametric analyses, is shown in Figure 8.

Fig. 8 - Variation of racking capacity, total equivalent viscous damping and damping factor for
different values of aspect ratio, nails spacing and number of vertical studs. The reference
configuration has nails spacing equal to 50 mm, 4 vertical studs, aspect ratio equal to 1.4 (the
corresponding values are marked with the symbol *).

CONCLUSIONS
The present work presented an original parametric FE model for timber shear walls
implemented in OpenSees. It includes the following elements: (i) elastic beam column
elements for the framing elements, (ii) nonlinear zero-length elements to represent the
sheathing-to-framing connections, (iii) zero-length elements for the internal releases at the
ends of the framing elements, and (iv) stiff plane-stress shell elements for the sheathing panel.
The validation of this numerical model has been performed considering the data carried out
from experimental tests presented in (Gattesco and Boem, 2016). The SAWS mechanical
model, originally proposed by Foschi (1977) and developed in (Folz and Filiatrault, 2001),
has been implemented in order to simulate the behavior of a single nail, and its parameters
have been calibrated using the available experimental data. Parametric analyses have been
used to assess the influence of the timber shear wall configuration on racking capacity and
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equivalent viscous damping. Final results have demonstrated that the proposed model can be
effectively used to carry out nonlinear analyses and to calibrate the damping factor η in use
within the Capacity Spectrum Method.
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ABSTRACT
Due to the recent fire events in open car parks and in order to increase the fire safety in this
type of the building structures, simple calculation methods should be developed to estimate
the thermal effects of a localized fire. This investigation deals with a parametric analysis,
using different fire events (different vehicle classes), fire scenarios (relative position of the car
with respect to the main element of the structure and dimensions of the compartment) and
section factor of the main supporting element of the structure (dimensions of the beam cross
section). The temperature was calculated for each fire scenario, around the beam (gas
temperature) and also in the steel beam. The thermal effect on part of the structure was
calculated by a mixed formulation, taking into consideration the Hasemi and Heskestad
methods to evaluate the temperature of the gas and also the lumped thermal model for the
calculation of the steel temperature. These results will be compared with the results obtained
using the software Elefir-EN and CFD simulation by Ansys FLUENT.
Keywords: open car parks, localised fire, gas temperature, steel temperature.
INTRODUCTION
Fire events in car parks have been a major problem for buildings, vehicles and humans, since
this kind of buildings starts to become more popular. This type of fire events is very
dangerous, because vehicles have combustible materials that are the main cause for fire
propagation. The estimate time for fire propagation has been experimentally determined to be
12 minutes (D. Joyeux et al., 2002) or 15 minutes between vehicles, according to the
recommendation of European Convention for Constructional Steelwork (ECCS, 1993).
Few events in open car parks have been reported. On October 1st of 2007, in Rotterdam, 7
cars were parked but only 6 were involved in this accident. The building structure was made
of prefabricated hollow concrete slabs supported by RHS steel beams and L type beams. The
steel beams were protected with fire resistance boards, justifying the limited temperatures
achieved and the inexistence of large deformation in the bottom steel flanges. More recently,
on January 1st of 2018, at Liverpool Echo Arena, 1400 cars were destroyed due to a big fire
event. The fire is reported to have reached temperatures of 1000 ºC and the building presents
a huge damage level on slabs and other structural elements. This fire began due to a problem
that happened in the engine of an old Land Rover that was parked there.
Statistics results from a research project (D. Joyeux et al, 2002) say that, approximately 98%
of the fires were restricted to less than 4 cars, 4 cars were burning in only 2 cases, while 1 fire
involved 5 cars and 2 fires involved 7 cars. A New Zealand study (Li Yuguang et al., 2007)
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revealed that approximately in 97% of the fires only 1 burning car was involved. The
Building Research Establishment (BRE, 2010) developed a project to gather information on
the nature of fires involving the current design of car parks and future safety strategies for car
park buildings. The study reported 3096 fire events developed during 12 years, where 51%
started with the ignition of a car, but in most cases, no fire spread to other cars was identified.
EXPERIMENTAL TESTS FROM LITERATURE
Butcher in 1968 (E. G. Butcher et al., 1968) made 3 car fire tests in a specially built steel
structure with an insulated ceiling, approximately 2.1m above the floor. Nine cars were used
in a 3x3 array with parallel spacing’s ranging from 0.75 to 1.2m. The central car was ignited,
but the fire did not spread to any of the adjacent cars. The maximum measured temperature
was 840ºC in the air, 360ºC in the steel column, 275 ºC in the steel beam. A single parked
vehicle fire was unlikely to cause uncontrollable fire spread within a car park. The damage to
the car park building was not critical in that time.
In 1973, a full-scale car fire test was developed in the multi-storey open car park with
unprotected steel frames and concrete decks (Gewain, 1973). Three cars were used, and the
central one was ignited. The maximum temperature of the air was 432ºC (above windscreen,
after 11 minutes). The air temperatures for most parts in the building was smaller than 204°C
and the maximum temperature of the steel was 226ºC. The deflection and elongation of
elements was null after cooling. The fire did not spread to any of the adjacent cars during the
50 minutes of test. In that time there was a low fire hazard in an open car parking structure
and the steel provided stable fire resistance of the structure.
In 1995, ten car fire tests were realized at CTICM (Centre Technique Industriel de la
Construction Métallique) laboratory using calorimetric hood. These tests showed that the
classification of cars in classes is relevant according to the energy of cars released in a car fire
(Schleich et al., 2002). The most important test of these was the number 7, that resulted in the
safety curve of a class-3 car burning, as we can see in Figure 1. This test number 7 was used a
class-3 car (Laguna) that represents very well the energy released by any class 3 burning
vehicle.

Fig. 1 - Reference curve and real values obtained in the test number 7
made by CTICM (Schleich et al., 2002).
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Considering the reference curve showed in Figure 1, one can observe that this curve is formed
by seven lines. These lines are formed by six reference values that represent the time instants
4, 16, 24, 25, 27 and 38. The reference values used to make the reference curve are presented
in Table 1. Relating the energy released by the class-3 vehicle with the theoretical energy of
other car classes, it is possible to find the reference curve for all classes of vehicles, see Table
2.
Table 1 - Reference values of the heat release
rate to the class-3 car (D. Joyeux et al., 2002).

Table 2 - Theoretical energy to all car classes.
Car Class Theoretical Energy [MJ]
6000
1
2
7500
9500
3
4
12000
5

Time [min] HRR [MW]
0
4
16
24
25
27
38
70

0
1,4
1,4
5,5
8,3
4,5
1
0

Other experiments follow the research, such as in 1985 in Australia (I.D. BENNETTS et al.,
1987) and more recently in Japan 2000 (T. Hirashima et al., 2003). The most recent tests
demonstrate an increase in the temperature level of the structural elements, due to a mix of
new materials used in the construction of vehicles that present more combustible materials,
causing a hotter flame.

MATERIALS AND METHODS
The gas temperature near a principal structural element of an open car park structure and the
steel temperature in the beam need to be calculated. The simple calculation method
(Heskestad and Hasemi methods) is used to find the gas temperature and is also compared
with the results found in Elefir-EN and CFD simulation.
Five section factors for the main element of the structure were selected, two fire
compartments and 6 relative positions of the vehicle with respect to the main element of the
structure (beam) were considered. All these fire scenarios were used to compare the
maximum temperature in the gas and in the steel, resulting in a comparison of the efficiency
of each method.
The fire compartment was assumed to be made of a composite structure, using a steel frame
and a concrete slab. The main dimension are: width equal to 10m and height equal to 3 and
5 m. The fire source is considered equal to a circle with 2m of diameter, located 0.3m above
the ground. The fire scenario is represented in Figure 2, where H is equal to 3m for the
compartment of fire 1 and 5m for the compartment of fire 2.
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Fig. 2 - Fire model and compartment.

Considering the simple calculation method, it is worth mentioning that the area of the fire
increases during the fire event, reaching is maximum value for time equal to 25 min. After
that time, the area was kept constant until the end of the fire. Figure 3 represents the variation
of the diameter of the fire source, during all the fire events under consideration.

Fig. 3 - Diameter of fire varying with the time of fire.

The simple calculation method mixes the formulae of two methods, Heskestad and Hasemi.
The difference between these methods is: Heskestad method is used when the flame is not
impacting the ceiling, see Figure 4, and Hasemi method is used when the flame touches the
ceiling, see Figure 5. The Heskestad method enables the calculation of the flame temperature,
while the Hasemi method enables the calculation of the heat flux received by the surface of
the structural member due to the fire source, being only valid when the diameter of the fire
source, D, is not longer than 10m and the heat release rate, Q, is not higher than 50MW.
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Fig. 4 - Model of a localized fire with the flames
does not touching the ceiling (CEN, 2002).

Fig. 5 - Model of a localized fire with the flames touching
the ceiling (CEN, 2002).

The length of the flames, Òé can be evaluated according to Eq. 1, where D is the diameter of
fire and Q is the HRR of cars. Figure 6 shows the length of the flames when the source is on
the ground. Depending on the fire event, the fire source can be located above the ground, and
in that case the height, H, has to be considered as the vertical distance from the fire source to
the ceiling.


Òé  1,02 ∗ Ä  0,0148 ∗ ë ¤

(Eq. 1)

Figure 6 represents the length of the flame for all the fire events and scenarios (H=2.7m and
H=4.7m) during time. This plot allows to identify when the method of analysis requires to be
changed, from Heskestad to Hasemi and back again to Heskestad.

Fig. 6 - Length of the flame for all car classes.

Table and Table present the time domain where each method should be applied.
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Table 3 - Time domain for each fire event and fire
scenario 1.
Methods (time in minutes)

Vehicles
classes

Heskestad

Hasemi

Heskestad

Class 1
Class 2

0,00 ≤ t < 4,00
0,00 ≤ t < 3,00

4,00 ≤ t ≤ 32,00
3,00 ≤ t ≤ 33,83

32,00 < t ≤ 70,00
33,83 < t ≤ 70,00

Class 3
Class 4/5

0,00 ≤ t < 2,17
0,00 ≤ t < 1,67

2,17 ≤ t ≤ 35,33
1,67 ≤ t ≤ 36,50

35,33 < t ≤ 70,00
36,50 < t ≤ 70,00

Table 4 - Time domain for each fire event and fire
scenario 2.
Vehicles
classes

Heskestad

Methods (time in minutes)
Hasemi
Heskestad

Class 1
Class 2
Class 3

0,00 ≤ t < 24,33 24,33 ≤ t ≤ 25,67
0,00 ≤ t < 22,25 22,25 ≤ t ≤ 26,42
0,00 ≤ t < 19,75 19,75 ≤ t ≤ 27,17

25,67 < t ≤ 70,00
26,42 < t ≤ 70,00
27,17 < t ≤ 70,00

Class 4/5

0,00 ≤ t < 18,00 18,00 ≤ t ≤ 30,08

30,08 < t ≤ 70,00

The temperature of the gas can be calculated in the proximity of the main structural element
(beam), using the formulae of Annex C in Eurocode 1 (CEN, 2002). The temperature of the
steel element can be found, using the lumped thermal model presented in Eurocode 3 (CEN,
2005), for an equivalent uniform temperature distribution in the cross-section.
The gas temperature near the main structural steel element (beam), when using the
Heskestad’s method, is calculated by Eq. 2, being ëØ equal to the convective part of the HRR
of the vehicle, that was assumed as being 80% of the HRR. The temperature of the flame
depends on the length of the flame, Ê, and also on the virtual origin of the fire Ê , calculated
using the Eq. 3.
=Ê  20  0,25 ∗ ëØ /Â ∗ Ê  Ê /¤/Â í 900
Ê  1,02 ∗ Ä  0,00524 ∗ ë /¤

(Eq. 2)
(Eq. 3)

The gas temperature near the main structural steel element (beam), when using the Hasemi
method is calculated by an iterative procedure, using the Newton Raphson method. This
iterative procedure is required because the net heat flux has to be equal to zero, according to
Eq. 4. This equation shows that when the impinging heat flux is constant, after long period,
the temperature of the member tends to an equilibrium temperature with the gas temperature,
and the net heat flux vanish.
:JBA9  :J  ïØ ∗ =Ü  20  ð ∗ ÎÜ ∗ Îé ∗  ∗ =Ü  273D  293D   0 (Eq. 4)

The simple and the advanced calculation method used nonlinear properties for both, solid and
fluid materials, as represented in Figure 7 and Figure 8.

Fig. 7 - Properties of the air.

Fig. 8 - Properties of the steel.

The software Ansys was used to carry out the CFD simulation, running the application
Workbench, using FLUENT. The model was defined for both parts (solid and fluid), as
represented in Figure 9. The mesh uses a grid with 5.1mm in the edges and 50mm in the
-656-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

faces, see Figure 10. The boundary conditions are represented in Figure 11, assuming the inlet
velocity type applied to the fire source, taking into account the momentum (velocity of the
gas) and thermal conditions of the inlet (temperature of the gas). The other boundary
conditions are: the pressure outlet type, where the pressure is specified and the temperature is
also specified (300 K); the wall type applied to the concrete region, where the adiabatic
thermal condition is applied and finally the stationary type applied to the fluid region bellow
the fire source. The initial temperature of 300K was applied to all the regions.

Fig. 10 - The mesh used in the CFD simulation
corresponding for compartment of fire 1.

Fig. 9 - The geometry used in the CFD simulation
corresponding for compartment of fire 1.

Fig. 11 - Boundary conditions used for CFD simulation.

The software Elefir-EN was also used to find the maximum temperature in the air and in the
steel beam. This software evaluates the fire resistance of carbon and stainless-steel members,
according to EN1991-1-2 (CEN, 2002) and EN1993-1-2 (CEN, 2005). According to the fire
scenario, the calculations were developed in time domain, using the section factors for each
beam type, see Table 5, considering the option with three sides of the beam exposed to the
fire with no protection. The heating curve followed the HRR for each fire event, using the
maximum diameter of the fire equal to 2m. This method considers the use of the Hasemi
method, during all the fire duration, whenever the flame is expected to reach the ceiling.
RESULTS AND DISCUSSIONS
The maximum gas temperature was calculated around the structural element. This maximum
value corresponds to the time when the maximum HRR is released (time=25 minutes). The
results were determined for the each Compartment (C1 and C2), for the all fire events (all car
classes) and for the fire scenario of R=0, see Figure 12. The maximum temperature seems to
increase with the fire load (car class). The maximum gas temperature is higher for the
compartment 1, which reveals the effect of the height of the compartment. A CFD simulation
was also developed for both compartments and for all the cross section under evaluation, but
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for only one fire event (fire of class 3) and for the fire scenario (R=0). This temperature was
determined from the nodal temperatures around the main structural elements, just beneath the
lower flange of the beam. This temperature is the average result obtained from all shape
sections used to represent the main structural element.
The maximum temperature of the steel beam was also determined using the same simple
solution methods for R=0. This maximum value is reached after the reference time of 25
minutes. This value is depicted in Figure 13 for a specific steel section (IPE600 with section
factor of 115 / ) and for all car classes. The results for both simple calculation methods
agree well for the fire scenario in compartment 1, but seems to be diverge for the fire scenario
of compartment 2 (higher ceiling position). In any case, the maximum temperature of the steel
element increases with the fire load.

Fig. 12 - Maximum gas temperature: simple simple
calculation method (MS), ANSYS and Elefir-EN for
both compartments C1and C2.

Fig. 13 - Maximum steel temperature: Simple
calculation method (MS) and Elefir-EN for both
compartments C1, C2.

Figure 14 represents the maximum temperature of the gas for both compartments and for
different radial positions. These maximum temperatures are reached for time equal to 25
minutes. The maximum temperature of the gas decreases with the distance from the centre
line of the flame. Two simple methods were compared (Elefir-EN and the simple calculation
method developed herein using mixed formulation). The results agree very well between both
methods. The maximum temperature of the gas decreases with the radial distance to the centre
line of the plume.

Fig. 14 - Maximum temperature of the gas, according to the car class and relative position of the beam, for both
compartments C1 and C2: S - simple calculation method; E - Elefir-EN.
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Figure 15 presents the maximum temperature of the steel IPE600 beam (section factor
115 /), for all different fire events (car classes) and discrete relative position of the car
with respect to the main element of the structure, considering both compartments, C1 and C2.
The results were obtained by the simple calculation method and by Elefir-EN. The results
agree well for the smallest compartment C1 and diverge for the highest fire compartment.
This difference may be explained by the fact of using mixed formulation. The compartment
C2 requires the use of Heskestad formulation during most of the time of the fire event, while
Elefir-EN use Hasemi method from the beginning of the fire until the end.

Fig. 15 - Maximum temperatures of the steel, according the car class and relative position of the beam for both
compartments of fire C1 and C2: S - simple calculation method; E - Elefir-EN.

The main characteristics of the steel beam are presented in Table 5. The section factors were
determined for the case of three exposed sides, assuming the protection of the upper flange
that is in contact with the concrete slab.
Figure 16 below presents the results for the maximum temperature of the steel beam, when
considering the fire event of class 3 and different fire scenarios. The finite volume method
was also used to determine the average temperature of the steel beam, using seven point
distributed over the flanges and web. The maximum average temperature of the steel beam
(ANSYS) agrees well with the results obtained by the simple calculation methods when the
beam is next to the fire plume. When the relative distance between the fire plume and the steel
beam increases, the maximum average temperature tends to increase, due to the confinement
of the heat flow by the beam geometry. The maximum average temperature of the beam also
decreases with the height of the compartment, as expected.
The results for the maximum temperature of the steel agree very well for the compartment C1,
but the difference between both methods increases with the dimension of the height of the
compartment C2. Both simple calculation methods (herein developed and Elefir-EN) assume
the existence of unconfined ceiling, which is not exactly the case when dealing with such
types of geometries.
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Table 5 - Shape of sections used and their principal
dimensions.
Bean

Am/V [m-1] [Am/V]b [m-1] h [mm] b [mm] tf [mm] tw [mm]

IPE 450

143

110

450

190

14.6

9.4

IPE 500
IPE 600

134
115

104
91

500
600

200
220

16
19

10.2
12

HE 600 A
HE 650 A

89
87

65
65

590
640

300
300

25
26

13
13.5

SF = 143

SF = 134

SF = 115

SF = 89

SF = 87

Fig. 16 - Maximum temperatures in the steel beam, considering the fire event (class 3) in both compartments C1
and C2. Solution methods: - simple calc. methods (MS and Elefir-EN), advanced calc. method (ANSYS).

R = 0, t = 25 minutes.

R = 0, t = 38 minutes.

R = 2, t = 25 minutes.
R = 2, t = 38 minutes.
Fig. 17 - Contour of the global temperature for the compartment C1 considering the steel beam IPE600 for two
relative positions of a class 3 fire event.
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The confinement of the hot layer near the steel element justifies the increase of the
temperature of the steel element. This fact can be observed in Figure 17 for the case of
IPE600 steel beam in the compartment C1. This effect was identified for all the cross section
types. The temperature field is depicted for two different times (25 and 38 minutes) during the
fire event of a class 3 vehicle and for a fire scenario with R=0 and R=2m distance between the
fire source and the beam element.
Figure 18 represents the fire effect of a class 3 vehicle in the compartment C2, for two
different fire scenarios (R=0 and R=2 m). The temperature field is affected by the
confinement to the heat flow from the steel beam. The temperature field is almost symmetric
for the case of R=0, but asymmetric for any other relative position. This fact justifies the
higher temperature level for all different relative position (R=1, 2, 3, 4 and 5).

R = 0, t = 25 minutes.

R = 0, t = 38 minutes.

R = 2, t = 25 minutes.
R = 2, t = 38 minutes.
Fig. 18 - Contour of the global temperature for the compartment C2 considering the steel beam IPE600 for two
relative positions of a class 3 fire event.

CONCLUSIONS
Sixty different fire CFD simulations were developed to analyse the effect of the car fire into
the gas temperature and into the temperature of the main structural element of the structure,
using one fire event (class 3). Two hundred and forty different scenarios were study by the
simple calculation methods. Depending on the method used to find the maximum temperature
of the steel and maximum temperature of the gas, different results are expected. The simple
calculation method does not take into consideration the confinement of the heat flow. This
confinement will affect the maximum temperature of the steel element, as demonstrated by
the results of the advanced calculation method.
The simple calculation method presented herein uses a mixed formulation between the
Heskestad and Hasemi formulae. The Elefir-EN uses only one formulae, depending on the
fact if the length of the flame is impacting the ceiling during the fire event. Both simple
calculation methods agree for compartments with small height. When the height of the
compartment increases, the results do not agree due to the fact that mixed formulation should
be used.

-661-

Topic-I: Civil and Structural Engineering Applications

The simple calculation method will provide good approximation to real fire scenarios,
whenever the relative distance between the fire source and the steel element is zero. For the
other relative positions (fire scenarios with R=1, 2, 3, 4 and 5) the temperature of the steel
element can be under predicted.
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ABSTRACT
With the aim to increase fire safety in open compartments, such as open car parks, some
correlative models were used to test the ability to recover both dynamics and thermal
characteristics of a ceiling-jet flow. The heat flow, coming from a burning vehicle, occurs
when the fire plume impinges the ceiling and develops in the radial direction of the fire axis.
Both temperature and velocity predictions are decisive for sprinklers positioning, fire alarms
positions, detectors (heat, smoke) position and activation times and back-layering predictions.
This investigation deals with a parametric analysis using different fire events (class of the
vehicle) and two fire scenarios. Some correlative formulations were used: Alpert, Cooper,
Heskestad & Delichatsios and Motevalli & Marks. An advance calculation method (CFAST)
based on a two-zone model formulation was used to compare the results, as well as the CFD
software ANSYS Fluent, based on the finite volume method. A total of 16 simulation results
were obtained taking into consideration 2 different heights for the compartment (H=3m and
H=5m), 4 different car classes (fire events), 6 radial positions (R) and two software (CFAST
and ANSYS Fluent). The correlative model from Motevalli & Marks overestimates the
dynamic characteristics in small compartments. The two zone model overestimates the
maximum temperature in the biggest compartment and the CFD results for temperature and
velocity are always higher than the other calculation methods.
Keywords: open car parks, ceiling jet; correlative models, two zone models (CFAST), field
models (ANSYS Fluent)
INTRODUCTION
Fire events in car parks have been a major problem for buildings, vehicles and humans. The
main causes of fire propagation are the combustible materials of the vehicles. The estimate
time for fire propagation has been experimentally determined to be 12 minutes (D. Joyeux et
al., 2002) or 15 minutes between vehicles, according to the recommendation of European
Convention for Constructional Steelwork (ECCS, 1993).
A statistical analysis showed that the car class is important and 90% of the vehicles involved
in fires are classified as class 1, 2 or 3 (Schleich et al., 1999). Another research project based
on statistical analysis (D. Joyeux et al., 2002) say that approximately 98% of the fires were
restricted to less than 4 cars, 4 cars were burning in only 2 cases, while 1 fire involved 5 cars
and 2 fires involved 7 cars. A research revealed that approximately in 97% of the fires only 1
burning car was involved (Li Yuguang et al., 2007). The Building Research Establishment
(BRE, 2010) developed a study of 3096 fire events developed during 12 years, where 51%
started with the ignition of a car, but in most cases, no fire spread to other cars was identified.
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However, contradicting the statistics, 1400 cars were destroyed due to a big fire event at the
Liverpool Echo Arena on the 1st of January of 2018. The fire is reported to have reached
temperatures of 1000 ºC and the building presents a huge damage level on slabs and other
structural elements.
The detection of a fire in a compartment while the fire is small enough to be easily controlled
is one of the most important fire safety engineering issues. The velocity and temperature of
the gases due to the fire in the compartment are the two main dynamic characteristics that
must be considered in fire events. These predictions are decisive for the position of sprinkler,
fire alarms and detectors (heat and smoke).
The aim of this paper is to test the ability of four correlative models (Alpert, Cooper,
Heskestad & Delichatsios, Motevalli and Marks) on the dynamic and thermal characteristics
of the ceiling jet flow, comparing the results to the software CFAST (two zones model) and
ANSYS Fluent (field model). Four vehicle classes in different fire scenarios in open car
parking were considered for analysis.
SOLUTION AND METHODS
According to car fire experiments, most of the flames extend from the wind screens of the
vehicles, describing a cylindrical plume zone with 2m on diameter, see Figure 1(a). The Heat
Release Rate (HRR) also was obtained by car fires experiments. Figure 1(b) shows a
comparison of the HRR curves for different classes. As the figure shows, the HRR of class
cars 4 and 5 have the same values in time. The HRR of all the fire events increases from zero
to a maximum value in time equal to 25 minutes and decreases to zero at the end of the event.

(a)
(b)
Fig, 1 - (a) Model and parameter values under analysis. (b) HRR for different class of cars.

Correlative models are used to estimate temperatures and velocities of the hot gases in a
ceiling jet flow. This can help safety engineering to obtain an estimate prediction of sprinkler
and fire detectors activation, as well to estimate damage to the structure and ceiling. There are
a few correlations models for ceiling jets available for different applications. This
investigation is focused on the correlative models of Alpert, Cooper, Heskestad &
Delichatsios and Motevalli & Marks.
Alpert (Alpert, 1972) developed correlations for the maximum gas velocity and temperature
in jet flows induced by large-scale fires. The correlations are based on the ceiling height
above the surface of the fuel, also consider the real HRR of the fire and are valid for the
plume zone and for the ceiling jet zone, see Eqs. 1-4.
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Where =ú is the ambient temperature, ëJ is the heat release rate of the fire, ô is the height of
the ceiling and is the radial centre line distance of the flame. The velocity in the ceiling jet
region ( ⁄ô > 0,15 and temperature in the same location  ⁄ô > 0,18) depend on the
radial centerline distance of the flame. The velocity in the plume zone ( ⁄ô í 0,15) and
temperature in the same location ( ⁄ô í 0,18) depend also on the geometry of the
compartment (height).
In 2011, Alpert (Alpert, 2011) reviewed the previous equations, based on the knowledge of
the flame’s virtual origin. The new correlations were formulated using the ceiling height
above the virtual origin and the convective heat release rate ëØJ , as well as the Heskestad and
Delichatsios equations, see Eqs. 5-8. For ü⁄ô í 0,15 and ü⁄ô í 0,18, the equations were
not modified.
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Eq. 6

Eq. 7

Eq. 8

Where ëJØ represents the convective part of the HRR (ëJØ 0,8ëJ ) and Ê is the virtual origin,
given by (Heskestad, 1995), Eq. 9.
Ê  0,083ëJ ⁄¤  1,02Ä

Where Ä represents the diameter of the fuel source. The value Ê can be negative (below of
the fuel source), indicating that the area of the fuel source is large compared to the energy
being released by the area. For fire sources where the fuel releases high energy in a small
area, Ê can be positive (Karlsson; Quintiere, 2000).
Eq. 9

Cooper developed correlations to estimate the properties of the flame and the characteristics
results of the jet flow. Cooper’s equations are valid when a part of the flame is flowing to the
upper layer and reaching the ceiling (Cooper, 1982; Beyler, 1986), see Eqs. 10-12.
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Eq. 10
Eq. 11
Eq. 12

Heskestad & Delichatsios developed correlations for maximum temperature and velocity
based on subsequent tests of Alpert's analysis. Generally, the results of this correlation predict
a higher gas temperature and velocity than the results using the equation proposed by Alpert
(Evans, 2016). The expressions relate fire size, fire growth rate, height above fire, radial
distance of fire, gas temperature and gas velocity. The proposed correlations are described
below (Heskestad; Hamada, 1993; Evans, 2016; Mehaffey, 2003).
/D⁄Â

Eq. 13
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Heskestad examined the experimental data and found that the centre line temperature and
centre line speed obey the following equations (Karlsson; Quintiere, 2000).
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Motevalli and Marks performed detailed measurements using cross-correlation velocimetry
for unconfined ceiling fire in transient and stationary conditions. The correlations of
Motevalli and Marks are described below (Motevalli and Marks, 1991; Mehaffey, 2003).
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Eq. 17

Eq. 18

CFAST is a two-zone fire model that predicts the thermal environment caused by a fire within
a compartmented structure. The main system inputs are: dimensions of the compartment,
dimensions and positions of the horizontal and vertical flow openings (doors, windows and
vents), ventilation specifications, fire properties and specifications of the sprinklers and
detectors. The outputs of the program are: the conditions in the compartment, heat transfer to
walls and targets, fire intensity, flame height, flow rates through openings and detector and
sprinkler activation times (Peacock et al, 2017). A convergence test was performed for both
compartments and the grid was defined as 50 for both compartments, according to Figure 2.
ANSYS Fluent software is a computational fluid dynamics (CFD) software which includes
well-validated physical modelling and is capable of deliver fast and accurate results. The
model boundary conditions for the four classes were obtained in the software CFAST for both
-666-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

compartments at a point located on the floor of the vehicle. The velocity and temperature are
specified instead of the heat release rate, see Figures 3 and 4. This simplification is preferred
in comparison to the adiabatic non-premixed combustion model (Robert Viall; Karl Wiegand,
2008).

(a)

(b)
Fig, 2 - (a) Grid for the compartment 1 (H=3 m). (b) Grid for the compartment 2 (H=5 m).

a)
b)
Fig. 3 - (a) Velocity used for the compartment 1. (b) Velocity used for the compartment 2.

a)
b)
Fig. 4 - (a) Temperature used for the compartment 1; (b) Temperature used for the compartment 2.

A convergence test was performed to define the mesh in software ANSYS Fluent for both
compartments. For the face and the edges, a 0.05 m mesh with rigid behaviour was adopted,
according to Figure 5.
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a)
b)
Fig. 5 - (a) Mesh for the compartment 1 (H=3 m); (b) Mesh for the compartment 2 (H=5 m).

The geometry used for the compartments was: 10 m wide, 10 m long and 3 m high for the
first compartment and 10 m wide, 10 m long and 5 m high for the second one. The
compartment has openings on the left and right side and a concrete slab on the bottom and
top, with a thickness of 0.3 m. The ambient temperature was assumed to be 20 ºC. The
maximum velocity and temperature were calculated for six radial positions. A total of 16
simulation results were obtained taking into consideration 2 different heights for the
compartment (H=3 m and H=5 m), 4 different car classes (fire events), 6 radial positions (R).
All the materials properties were considered temperature dependent during the CFD
simulation, including the solid part and the fluid part. Figure 6 represents the main thermal
properties involved in simulation.

Fig. 6 - Thermal properties for air and concrete.

RESULTS
The results of the maximum speed and maximum temperature near the ceiling depend on the
classes of the vehicles. From the results of velocity and temperature, calculated by the
correlative models, the maximum speed and the maximum temperature during fire are
determined for the time equal to 25 minutes. The maximum speed and temperature values
increase with the class of the cars. In all cases, the maximum temperature and velocity
decrease with the R/H ratio, as expected.
The figures below show that the maximum velocity and maximum temperature depend on the
ratio R/H for a specific time of simulation equal to 25 minutes. The ratio for the first
compartment are R/H= 0, 0.37, 0.74, 1.11, 1.48 and 1.85 and for the second compartment are
R/H= 0, 0.21, 0.42, 0.64, 0.85 and 1.06, which corresponds to all the radial positions
evaluated (R=1,2,3,4 and 5 m).
Figure 7 and Figure 8 represent the maximum velocity and maximum temperature for the
compartment 1 (H=3 m). Figure 9 and Figure 10 represent the same results for compartment 2
(H=5 m).
-668-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

Class 1

Class 2

Class 3

Class 4/5

Fig. 7 - Maximum velocity for the compartment 1.

Class 1

Class 2

Class 3

Class 4/5

Fig. 8 - Maximum temperature for the compartment 1.
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Class 1

Class 2

Class 3

Class 4/5

Fig. 9 - Maximum velocity for the compartment 2.

Class 1

Class 2

Class 3

Class 4/5

Fig. 10 - Maximum temperature for the compartment 2.
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CONCLUSIONS
This work presented a study on the thermal and dynamic characteristics of a fire induced
ceiling jet in open car parks. The results were calculated with correlative models (Alpert,
Cooper, Heskestad and Delichatsios, Motevalli and Marks) and two distinct programs
(CFAST e ANSYS Fluent). Four classes of cars were considered for analysis in two distinct
open car parks (H=3 m and H=5 m). The model proposed by Motevalli and Marks presents
higher maximum temperatures for all calculated R/H scenarios. When the R/H ratio increases,
the results for the maximum temperatures obtained from all correlative models (Heskestad
and Delichatsios, Cooper and Alpert) get closer. The model of Alpert of 2011 and Cooper's
results for the velocity are usually in between the results of Alpert 1972 and Heskestad and
Delichatsios. As the ratio R/H increases, the results of Cooper and Heskestad and Delichatsios
approaches to the Alpert's 1972 results. The model proposed by Motevalli and Marks
proposes higher maximum velocity for all calculated R/H. The velocity values obtained by the
software CFAST are consistent with the results of the correlative models. For a compartment
of H=3 m, the results of CFAST for temperatures are also close to the results of the
correlative models. For a compartment of H=5 m, the results of the CFAST are generally
higher than the results of the correlative models. The maximum temperature decreases for
R=1, due to the transition position from fire plume to well established ceiling jet. The results
of ANSYS Fluent differ from the correlative models and the software CFAST. Due to a lowpressure area formed near the ceiling, the velocity when R=0 is close to zero. Then, the
velocity increases with the radial positions. The temperatures remain almost constant in time
for all the radial positions and they are usually higher than those obtained in correlative
models and CFAST.
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ABSTRACT
Currently, there is a lot of work and material about vibration analysis for preventive
maintenance in machines, but the application of this detection in other areas is almost
nonexistent, an example of field that has much to take advantage of this type of analysis, is
civil engineering and material analysis. The proposed software uses the hardware system
based on the ATMEGA 2560 and ADXL341 to capture the data, and then uses them to detect
the frequencies pertinent to the process, showing the results in an interface for the common
user. This makes it relevant not only during the construction process, to avoid possible
failures caused by the use of heavy machinery, but also allows the monitoring of structures in
use, such as bridges, which, over time, may show cracks in their extension.
Keywords: Matlab, processing, IHM, vibrations.
INTRODUCTION
With the cost reduction of microcontrolled platforms and the integration of their programming
and interfaces, these systems are being increasingly used for the measurement of physical
quantities. In some situations, there is a deficiency in processing capacity; however, the size
of such systems is perfect for use in real-time data acquisition systems.
There is a notable concern from hardware system developers regarding data acquisition. On
the other hand, the creation of a high level interface that facilitates the understanding of the
user is left aside, thus paving the way for such development. This work have as objective the
creation of a software for capturing and processing the data of an acquisition system, whose
unique proposal is to analyze real-time vibrations in structures with an accelerometer and
perform the actions already described, as well as presenting the results at a high level for the
user.
The ADXL345 triaxial accelerometer [1] and the chip ATMEGA 2560 form the hardware of
the acquisition system used in the present work. The vibrations printed on the three spatial
axes of the accelerometer were recorded, in matrix form, by a software wrote in Processing
and the mathematical analyzes were performed by a software wrote in MATLAB. This set
cooperatively executed the Fast Fourier Transform of the registered time signal and returned
to the user periodic graphical responses, facilitating the interpretation of the results.
EXPERIMENTAL AND COMPUTATIONAL PROCEDURE
The algorithm developed is done in two platforms, Matlab and Processing. Initially the data is
captured by the program written in the Processing [2] platform, which reads them from the
acquisition platform through the serial port (RS-232 model), emulated in a USB port, at a
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transmission speed of 115200bps, 8 bits of data, one bit of start and stop and no parity bit, so
there is no verification of the data in this layer; immediately after this reading, the read value
is stored, byte by byte, in a text file, which in turn is closed after one minute of data writing
and another text file is started immediately afterwards. When the other text file is started, the
software written on the Matlab platform detects the initiation of a new write and starts to
process the file that was previously generated, applying a check on the data, indicating
possible treatable failures - rows without all columns, rows with extra columns or nonnumeric values, all possible and caused by errors in the serial port transmission. These errors
are then treated - the defective line is deleted and a copy of the previous line is made, except
in the case of the first line of data, in which case it is simply deleted - and then the Fast
Fourier Transform is applied, using the fourth data column to obtain the frequency values
correctly, since it contains the time between samples. With these data in hand, six graphs are
produced - three for the representation of the values in the time domain in relation to the
planes x, y, z of the accelerometer and three for the representation of the values in the
frequency domain also in relation to the planes x, y, z of the accelerometer - these are then
exported as figures to a separate folder and the corrected variables of the text files are then
exported in .mat to a folder reserved for them, finally the text file containing the original data
is discarded.
RESULTS AND DISCUSSION
Preliminary results show the efficiency in the capture and analysis of the consistency of the
obtained data, generating a temporal and spectral graphic of the signal, as well as executing
the storing in regular intervals of one minute. In addition, the system identifies the
fundamental frequencies of the vibration signals obtained, classifying them according to the
standard SN 640312, thus generating alerts, when appropriate, and continuous reports of what
is captured.
In addition to the use in detection of structures, where the maximum frequency of analysis is
inferior to 300Hz, the algorithm was used for analysis of vibrations in machines, using a
smaller data collection interval, but arriving at a maximum analyzed frequency of
approximately 1 kHz.
The development of this platform completely in Java has already begun, thus allowing the use
in any computer, depending only on the previous installation of the JVM, much more
accessible than the software used in the current development.
The integration of the computer platform with the hardware system presented excellent
performance and the high storage capacity of the computers allows the data to be collected for
long periods without significant losses, thus providing a light system, both for the
microcontrolled platform and the computer, which can perform the task in the background
without any hassles. The program is already being written in Java, where the same
functionalities will be offered, but with a data collection period of less than one minute.
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ABSTRACT
This article focuses on evaluating 15 dual-shoulder-mount-truss weathering steel overhead
sign structures (DSMT-WSOSSs) in Charleston Interstate System in West Virginia. Nondestructive testing technique examined key components of the sign structures while the other
components were inspected by a traditional visual inspection technique. A rating
methodology was developed to evaluate the sign structures at both the element level and their
overall condition. The element condition was rated based on a developed rating criteria and
score. The overall condition of each sign structure was then evaluated by the ratio between the
total score of each structure (S) and its maximum possible total score (Smax). The study
revealed that all the DSMT-WSOSSs performed relatively well after more than 40 years of
service and exposure to moist weather condition of Kanawha County (climate zone 4A). The
developed rating methodology resulted in showing that 93 percent of the sign structures are in
fair condition and 7 percent are in good condition.
Keywords: DSMT-WSOSSs, non-destructive testing, visual inspection, condition rating.
INTRODUCTION
Weathering steel (WS) is a high-strength, low-alloy steel and best known under the trademark
COR-TEN or Corten steel. In the state of West Virginia, there are approximately 100 WS
bridges and numerous WS overhead sign structures (WSOSSs) throughout the state.
Inspection of these WS structures is essential to maintain public safety. This paper summaries
the results and findings of a study aimed at evaluating the performance of the abovementioned WSOSSs.
RESULTS AND CONCLUSIONS
Structural elements (component) of each sign structure were evaluated using an element
condition rating system. The element condition rating system includes a sequential rating
score (with ‘1’, ‘2’, ‘3’, ‘4’ scores representing ‘good’, ‘fair’, ‘poor’, ‘severe’ conditions,
respectively) and an importance weight for each structural element. The importance weight
was derived after consultation with experts in the field. Highest importance weights were
assigned for critical components such as base plates, anchor bolts, connections between base
plates and vertical columns, and section loss of vertical columns near column bases. The
overall condition of each sign structure was evaluated using an overall condition rating
system. Overall condition rating is estimated by Equation 1, which is based on the ratio
between the total score of each sign structure (S) and its maximum possible total score (Smax):
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 Smin Smax ≤ S Smax < ( 3Smin + Smax ) 4 Smax
: Good Condition

: Fair Condition
( 3Smin + Smax ) 4Smax ≤ S Smax < ( Smin + Smax ) 2Smax

: Poor Condition
( Smin + Smax ) 2Smax ≤ S Smax < ( S min + 3Smax ) 4S max

: Severe Condition
( Smin + 3Smax ) 4Smax ≤ S Smax ≤ 1

(1)

Table 1 shows the results of both the element and overall condition ratings for all the
inspected DSMT-WSOSSs. The sign structures in Table 1 are sorted by descending order of
their S/Smax ratio. Out of 15 dual-shoulder-mount-truss sign structures, 14 structures were
found to be in fair condition with the S/Smax ratio ranging from 0.43 to 0.57 and the remaining
structure was determined to be in good condition with the S/Smax ratio of 0.41. Average
maximum section loss near base plate for these sign structures was 25.6%. Ultrasonic
inspection of anchor bolts showed that most of the anchor bolts were in a good shape with no
significant deficiencies. The element and overall condition rating systems assist the WVDOH
making rational decisions on whether there is a need to repair or replace at-risk elements or
connections. To detect any serious defects, which may endanger the structure or the traveling
public, in-depth evaluations are recommended for the sign structures with the most deficient
condition. Further evaluations are recommended for the sign structures with a fair condition
rating. Normal periodic inspections are recommended for the sign structures with a good
condition rating.
Table 1 - Results of Element and Overall Condition Rating
Element rating score

Structure
number

C1

C2

C3

C4

C5

C6

C7

C8

C9E

C10

C11

C12

S/Smax

064-57.89
079-01.57
064-57.87
077-101.23
077-100.08
077-102.65
119-18.46
064-55.46
077-100.98
077-103.14
064-53.72
064-55.48
079-00.68
060-11.44
077-103.38

1
2
1
1
1
1
1
1
2
2
1
1
1
1
2

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
2
2
1
2
1
1
1
1
2
1
1
1

1
1
1
2
2
2
2
3
2
2
2
2
1
2
2

1
3
1
3
1
3
1
1
3
2
3
3
3
2
3

1
1
1
1
1
1
1
1
1
2
1
1
1
1
1

3
2
4
1
3
2
3
3
2
2
2
3
4
3
3

−
1
−
3
1
1
1
1
3
2
1
1
1
1
2

2
2
4
2
3
3
4
4
2
3
2
2
2
2
3

3
2
2
1
3
2
2
2
2
2
4
2
2
4
2

3
2
2
2
2
2
2
2
2
2
2
2
2
2
3

1
2
1
3
2
2
3
2
2
2
3
3
4
4
3

0.41
0.43
0.45
0.46
0.46
0.46
0.48
0.48
0.50
0.50
0.50
0.51
0.51
0.52
0.57

Overall
cond.
rating
Good
Fair
Fair
Fair
Fair
Fair
Fair
Fair
Fair
Fair
Fair
Fair
Fair
Fair
Fair

Note: C1 = Foundations; C2 = Drainage issue; C3 = Grout pad under base plate; C4 = Base plates; C5 = Anchor bolts, nuts,
and washers; C6 = Connection between base plate and vertical column; C7 = Section loss of vertical column near base plate;
C8 = Vertical weld lines between tubes constituting vertical column; C9E = Exterior of vertical column; C10 = Connections
between vertical column and horizontal chords; C11 = Horizontal chords and secondary vertical posts; C12 = Attachments
(e.g. vertical sign supports; horizontal light arms; bolts connecting vertical sign supports and horizontal light arms among
others)
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ABSTRACT
Civil construction is an activity that produces a high proportion of noise and vibrations. This
occurs through several different processes, such as the passage of trucks and heavy
machinery; pile drivers; impact due to chipping, drilling processes, explosions and debris
removal; percussive processes and stacking. Such vibrations, induced in constructions at their
sites, for example, can cause severe damage to the structure of the construction in question.
Depending on some physical parameters of the wave (such as amplitude, frequency and
duration time) the structure can suffer material fatigue or even collapse. This paper aims the
creation of a vibration monitoring instrument for structures using, as the main sensor, the
triaxial accelerometer. This sensor performs, in real time, the acceleration reading printed on
the three spatial axes. It is coupled to a microcontroller/microprocessor, which is responsible
for interpreting and processing the data read by the accelerometer, applying the Fast Fourier
Transform to measure the frequency levels inherent to the wave recorded in the time domain.
In addition, the measured frequency values are afterward compared with the values described
in national and international technical regulations that standardize limit values that guarantee
the integrity of the construction.
Keywords: accelerometer, structure, instrument, vibrations.
INTRODUCTION
Some national and international standards define critical values of frequency that a given
structure can suffer without structural damage and that preserve the comfort of its users. For
example, NBR 6118 of the Brazilian Association of Technical Standards defines some
frequencies considered critical for certain types of physical structures. The Switzerland
standard SN 640312 defines a more specific classification of the structures as well as their
frequencies and critical transversal velocities of wave.
The practical methodology consisted of to disturb the accelerometer sensor so as to impart
accelerated movement in the same. By means of a microcontroller, the data measured by the
accelerometer is processed and interpreted. As a result, we have a data matrix that expresses
acceleration values, in g or m/s2 as a function of time.
The sensor in use in this development is the ADXL345 which features interesting features
such as low power consumption (30 to 140 µA), range up to ± 16 g and a data output rate and
3.2 kHz band, ensuring reasonable performance for initial testing. Already the microcontroller
used was the ATmega 2560 linked on the Arduino platform. All code that interprets the data
provided by the ADXL345 has been programmed in C language on the previously mentioned
platform.
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RESULTS AND CONCLUSIONS
The prototype in question was subjected to vibrations in an industrial environment, with great
activity of vibrating machines such as mechanical lathes, bench drills and hydraulic cranes.
The structure of the site consists, in its predominance, of reinforced concrete and steel studs
characterized as a Class I structure of the standard SN 640312. The experiment consisted in
coupling the prototype (in ground) at the base of a bench drill. The drill has nominal power of
1 HP operating at 380 V. The pulley configuration used generated a 155 RPM mandrel
rotation (lower rotation). The simulation had duration of 17.81 seconds and the size of the
data matrix was of the order 3563x3. Figures 1 and 2 illustrate the time signal and the
frequency spectrum, respectively. When analyzing the graphs, it is noticed that the amplitudes
of the frequencies acting in the ground are not so high as to offer risk to the structure in
question. However, it is worth mentioning that in the developed experiments critical
frequencies occurred, since the place where they were performed is classified as being a type I
structure, in accordance with the regulatory norms already mentioned.

Fig. 1 - Recording of ground
vibrations caused by the bench drill
at a rotation of 155 RPM

Fig. 2 -Frequency spectrum acting on the ground
in the presence of a disturbance caused by the
bench drill at 155 RPM

The preliminary results of tests carried out with the prototype of tests were shown to be
feasible as to the primary purpose of this development. Initially, the results showed a
completely acceptable acuity considering the value, the quality of the sensor used and the
microcontroller chip used to perform the interpretation of the measured data. Due to the low
computational load of the chip used the simultaneous operations (monitoring, storage,
treatment and transmission in real time of the data) are compromised, thus needing the use of
a chip with the ARM architecture (Advanced RISC Machine) which is a 32-bit processor used
primarily in embedded systems.
It is also intended to treat the noise (in a deeper way) present in the measurements, since this
interference can influence directly in the results. In addition, by achieving all the optimum
performance parameters, the construction of a vibration measurement instrument is built on
the basis of the accuracy of the results and the low cost, democratizing access to this
instrumentation tool.
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ABSTRACT
Bowing is an uncommon pathology that can affect marble stone cladding of building facades.
It is characterized by a large and permanent deflexion and degradation of strength of the stone
slabs that can cause them to fall from the facades. On the other hand, the wind pressure effects
on the building facades may also cause stability problems. Therefore, stone cladding in these
conditions presents a high risk of fracture and collapse that needs to be evaluated.
This work describes a case study regarding an evaluation of the resistance/stability of a
marble stone cladding of a building façade affected by bowing and submitted to wind
pressures. This evaluation was performed through numerical simulations and experimental
tests to characterize the mechanical properties of the marble stone. The results obtained
demonstrated stability problems in some stone slabs due its large dimensions and loss of
resistance due to aging and bowing effects.
Keywords: stone cladding, marble, bowing, stability.
INTRODUCTION
a) Bowing phenomena
Following the use of marble stone cladding with reduced thickness on building facades, the
bowing phenomena has been reported by scientific studies (e.g. Siegesmund, 2008), causing
in some cases the fall of the slabs and/or their total removal from the façades. The bowing can
be characterized by a permanent deflexion and decay of the mechanical strength of the stone
slabs (some cases reported 20 to 30mm/m of permanent deflexion and 40% of strength
decay).
The main causes of bowing are complex and may be associated to more than one cause.
However, the most common cause is the use of “younger” calcite marbles (i.e. with low
metamorphic degree) with high porosity, associated to a climate exposure characterized by
fast drying and excessive humidity cycles, resulting in an irreversible expansion and fracture
of the stone matrix.
This bowing/deflexion is irreversible, increases over time and causes the loss/degradation of
the stone mechanical strength (Figure 1), usually faster in the beginning and slower over time
(Logan, 2006).
On the other hand, the wind pressure effects on the building facades may cause stability
problems on stone cladding, including their fixings/anchorage system. Therefore, stone
cladding affected by bowing and wind pressure can present a high risk of fracture and
collapse that needs to be evaluated.
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Fig. 1 - Examples of bowing occurring in stone marble façade (Loughran et al, 2007) and
decay of resistance VS bowing of marble (Koch, 2004)

Since 1999 this phenomenon was studied in European projects on marble durability, which
followed the publication of EN 16306 in 2013. This European standard defines an accelerated
aging test method to characterize the behaviour of marbles subject to cycles of heat /
humidity, establishing allowable limits for bowing (≤ 0,4mm/m). Moreover, the experimental
characterization of the modulus of elasticity and the flexural strength after aging tests are
defined for the design of marble panels, since it is recognized the rapid loss of strength and
rigidity in the marbles affected by bowing.
b) Properties of calcite marbles
The marble is a metamorphic stone of granoblastic texture, consisting essentially of calcite
crystals (94 to 99%), or more rarely by crystals of dolomite, being able to contain other
minerals in smaller quantity (mica, quartz, dolomite, graphite, among others). The calcite
marbles are white or approximately white, and may have veins provided by the presence of
other minerals (see above). Some of the most famous marbles are “Carrara (Italy)”, “Estremoz
(Portugal / Alentejo)”, “Dionysos (Greece)”, among others.
Since it is a natural material, its physical and mechanical properties can vary significantly
(more than 20% of the average), even when extracted from the same quarry, therefore it is
necessary to characterize their properties experimentally on a case-by-case basis.
However, some mean values for the properties of white calcite marbles under initial
conditions of use, such as “Carrara”, “Évora / Estremoz”, among others, can be found in
technical literature (Gennaro,2003; Papamichos, 2006; Siegesmund, 2011, Amaral, 2015;
LNEG, 2018):
-

Density: 2680 a 2710 kg/m3;
Compressive strength: 79 a 100 MPa;
Flexural strength: 11 a 26 MPa;
Elasticity modulus (dynamic/static): 40 to 50 / 16 to 25 GPa;
Poisson coefficient: 0.25 a 0.41.
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CASE STUDY
Using a case study of a 15years old building façade, made with marble stone cladding
affected by bowing, an evaluation of the mechanical resistance of the stone slabs, including
their fixings, submitted to wind pressure was performed through FEM simulations and
laboratory tests.
The cladding system is made of marble stone slabs with open joints that are fixed to building
façade with an air layer, forming a “ventilated façade”. The most representative stone slabs
have surface dimensions that vary from 1.5x1.3m2 to 1.5 x 0.7m2, and a thickness of 3cm.
These slabs are fixed to the building façade through stainless steel dowel anchorage system
(body anchorage fixed on the walls, having pin dowels inserted in holes made on the slabs),
and each slab has four fixing points (Figure 2 and Figure 3).

Fig. 2 - Partial view of the stone cladding applied on the north façade of the building

(b)

1234567-

Body anchor
Adjustable rod with end spade
Adjustment nut
Lock nut
Lock nut´
Mechanical anchorage
Loose pin

(c)
(a)
Fig. 3 - Construction details of the cladding system: (a) detail view of cladding after
removal of a stone slab (b) dowel anchorage system; (c) fixing points

-681-

Topic-I: Civil and Structural Engineering Applications

According to an inspection performed on the building facade, the bowing was affecting more
than 50% of the cladding system, and in some marble slabs there were measured permanent
deflexions with 8 to 12mm (or 6 to 7 mm/m). No damage/fracture patterns were visually
detected in the central part of the slabs with bowing, however, near some fixing points (dowel
holes) of some slabs fracture patterns were found (Figure 4).

Fig. 4 - Examples of bowing and local damage/fracture detected on the marble slabs

EXPERIMENTAL TESTS AND NUMERICAL SIMULATIONS
To evaluate the mechanical resistance of the larger stone slabs and their fixing points,
submitted to wind pressure, numerical simulations were performed by using the mechanical
properties obtained from experimental tests.
a) Experimental tests
In order to characterize mechanical properties of the marble stone in its current/actual
conditions, test specimens were obtained from 4 slabs removed from the building façade, 2
with and 2 without bowing. Therefore, the dimensions and number of test specimens were
established according to the dimensions and available quantity of stone slabs. The lab tests
performed according to European standards were (Figures 5 to 8):
- Flexural strength under constant moment (Rtc) and compressive strength (R) - EN 13161
and EN 1926;
- Static modulus of elasticity in the longitudinal direction (EsL) and dynamic modulus of
elasticity in the longitudinal and transversal directions (EdL; EdT ) - EN 13161 and EN
14146;
- Breaking load (F) at dowel hole - EN 13364;
- Apparent density (ρb) - EN 1936.
Moreover, a mineralogical/petrographic study was performed to identify/confirm the
constitution of the marble. The results obtained from lab tests are presented in Table 1.
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Fig. 5 - Examples of lab tests (flexural strength and static modulus of elasticity)

Fig. 6 - Examples of lab tests (compressive strength)

Fig. 7 - Examples of lab tests (breaking load at the dowel hole)

Fig. 8 - Examples of lab tests (measurement of dynamic modulus of elasticity in transversal
and in longitudinal directions)
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Table 1 - Test results obtained from marble stone specimens
Nº
Units
specimens

Mean
value

Characteristic value
(log-normal distribution **)

C.V.
(%)

kg/m3

2660

2473

3.0

8.2

6.5

9.8

Proprieties

Bowing
effect

Apparent density(ρb)

With + Without

6

Without

8

Flexural strength (Rtc)

Compressive strength
(R)

Breaking load at dowel
hole (F)

With

14

7.8

5.3

17.8

With + Without

22

MPa

7.9

5.8

15.1

Without

5

81.5

57.9

5.0

MPa

With

5

72.5

63.8

8.6

With + Without

10

77.0

62.2

9,2

Without

5

1.15

433

38,4

With

4

1.19

671

18,7

1,17

596

29,2

38.8/40.9

33.8/28.0

kN

With + Without

9

Dynamic modulus of
elasticity - EdL / EdT
(ν = 0,25)*

With

4

Dynamic modulus of
elasticity - EdL / EdT
(ν = 0,40)*

With

4

GPa

21.7/22.9

18.9/15.7

Static modulus of
elasticity EsL

With

4

GPa

18.8

10.6

GPa

4,8 / 11,8

16,3

* Poisson coefficient obtained from literature; ** 75% of confidence level and 5% fractile distribution

The mineralogical/petrographic study concluded that is a marble constituted mainly by calcite
(calcite marble), although containing other minerals in smaller quantity (dolomite, quartz,
biotite and chlorite), and generally possessing a granoblastic texture of fine equigranular
grains (Figure 9).

Fig. 9 - Observation with electronic microscope of calcite marble specimens

b) Numerical simulations
The FEM simulations was performed with a 3D model of a slab, supported by 4 nodes with
translational restrains in orthogonal directions (x,y,z), submitted to a evenly distributed loads
that simulate the wind pressure acting on the perpendicular direction of the slab surface
(Figure 10).
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Fig. 10 - Examples of FEM simulations of marble stone slabs and stress distribution
associated to wind pressure (SLS characteristic combination values in kPa)

In order to simulate the fragile behaviour of natural stone, the constitutive material model
used was a linear elastic model with imposed limits for the compressive/tensile stresses. The
strength and deformation properties of the stone obtained from the labs tests were used in
numerical simulations (characteristic values of flexural and compressive strength, static
modulus of elasticity and apparent density). However, since not all the slabs were affected by
bowing, it was assumed the characteristic values obtained from slabs with and without
bowing (see Table 1). The Poisson coefficient was assumed equal to 0.4.
Moreover, according to experimental results (see Table 1), the dynamic elastic modulus in the
longitudinal and transversal directions presented small differences (near 6%). Therefore, for
simplification purposes, the marble stone was considered an isotropic material in the
simulations.
The wind pressure/loading was determined through Eurocode 1 standard calculation
methodology (CEN, 2010), which takes into account the exposure conditions of the building
facades (height, orientation, terrain roughness, surrounding constructions and obstacles,
amongst others aspects) and the dynamic effects of wind speed on the building. The
characteristic values for wind pressure (Wk) were obtained according to the position in height
(h) of the stone slabs on the building façade:
- h ≤ 9m - Wk = 1.3 kN/m2;
- 9m < h ≤ 18m - Wk = 2.1 kN/m2.
The stability/resistance was evaluated for serviceability limit sates (SLS), associated to the
risk of permanent/irreversible damage impairing functionality, and ultimate limit states
(ULS), associated to the risk of collapse/fracture due to loss of mechanical resistance, both
defined in Eurocode 0 through verification of the basic security condition (CEN, 2010):
SS
í 1
RS

Sd - Design load or stress determined from the combination of characteristic values of wind
(Wk) and self-weigh of the slabs (Gk), acting simultaneously:
- Combination SLS: Sd = Gk + 1,5 Wk;
- Combination ULS: Sd = 1,35 Gk + 1,5 Wk;
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Rd = η Rk / γm - Design resistance load or stress obtained from labs tests:
- Rk - Characteristic value obtained from statistical analysis of the lab tests results
(minimum values obtained from a log-normal distribution - see Table 1);
- γm - Partial safety factor determined through a semi-probabilistic approach adapted for
stone cladding (Camposinhos, 2014), by taking into account the coefficient of variation
(C.V.) of the experimental results obtained from lab tests (ULS - γm = 2.4; SLS - γm =
1);
- η - Conversion factor to take into account the effects of temperature, humidity and other
effects. However, since the stone in this case study was not in its initial conditions, i.e. it
was submitted to 15 years of climate exposure, this factor was assumed equal to 1.
This verification was made in terms of satisfying (S) or not satisfying (NS) the basic
condition for loads/reactions at the dowel holes/support nodes (Rsd/Frd ≤ 1 ), and for bending
stresses at the cross section of the slab (σsd / σrd ≤ 1).
The results obtained in the simulations, including the evaluation of stability/resistance
according to basic security condition, are presented in Table 2.
Table 2 - Results obtained in FEM simulations and evaluation of stability
Stone slabs and
surface dimensions
(m)

Bending stress (N/mm2)
Security
criteria

SLS

Load at dowel hole (kN)

ULS

SLS

ULS

h≤9m

9<h≤18m

h≤9m

9<h≤18m

h≤9m

9<h≤18m

h≤9m

9<h≤18m

Max.Value

1,7

2,7

2,5

4,0

0,54

0,87

0,80

1,3

Sd/Rd

0,3

0,5

1,0

1,7

0,9

1,5

3,2

5,2

Result

S

S

NS

NS

S

NS

NS

NS

Max.Value

2,0

3,2

3,0

4,8

0,20

0,32

0,30

0,49

Sd/Rd

0,3

0,6

1,2

2,0

0,3

0,5

1,2

2,0

Result

S

S

NS

NS

S

S

NS

S

Max.Value

3,1

4,3

4,46

6,25

0,53

0,73

0,76

1,0

Sd/Rd

0,5

0,7

1,8

2,6

0,9

1,2

3,1

4,1

Result

S

S

NS

NS

S

NS

NS

NS

Max.Value

1,6

2,6

2,4

4,0

0,60

0,99

0,92

1,5

Sd/Rd

0,3

0,5

1,0

1,6

1,0

1,7

3,7

6,0

Result

S

S

NS

NS

S

NS

NS

NS

DISCUSSION
a) Test Results
The variation coefficient (C.V.) presents higher values for marble stone affected by bowing,
being lower than 20% for most of the properties, except for the case of breaking load at dowel
hole (without bowing, 38%).
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In general, there is no significant difference between the mechanical properties of stone slabs
with and without bowing, which can be related to the scarce number of samples available for
testing. However, relatively small differences were found for the flexural strength (5% for the
mean value and 20% for the characteristic value).
The mineralogical/petrographic study concluded that the stone is calcite marble.
b) Numerical Results
The bending resistance of all stone slabs is verified for serviceability conditions (SLS),
therefore, there is a low risk of damage/fracture due to slab bending caused by moderate wind
pressures (as observed in the inspections made).
However, the load capacity at the dowel hole is not verified for slabs located higher than 9m,
therefore presenting a high risk of occurring damage/fracture in the stone at the dowel hole (as
observed in the inspections made - see Figure 4).
The bending resistance and load capacity at the dowel hole are not verified for almost every
cases analysed in ultimate conditions (ULS), meaning that the stone slabs have a high risk of
collapsing at the presence of extreme wind pressures.
CONCLUSIONS
The test results were not entirely conclusive regarding the effect of bowing on the mechanical
properties of the marble stone, since original stone slabs in initial use conditions and a large
number of test samples were not possible to obtain from this case study. However,
considering the obtained test results and similar calcite marbles properties found in literature,
it was estimated, at least, a reduction of 30% on the flexural strength caused by the combined
effects of aging degradation and bowing phenomenon.
The results obtained from simulations revealed stability problems on the stone slabs,
especially for extreme wind conditions/pressures (ULS), therefore presenting a high risk of
collapsing from the building. The main reasons for this security risk is the combination of
high stresses induced by the wind pressure on slabs with high surface/dimensions, including
their fixing points, with the bowing and ageing effects that decreased the stone mechanical
strength.
Since the bowing causes irreversible damage on the marble slabs, the recommended and most
usual intervention is to remove the affected slabs and replace them with marble less
susceptible to bowing (satisfying the criteria of EN 16306), or using another type of natural or
artificial stone.
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ABSTRACT
Energy absorbers of safety systems in vehicles are typically mechanical parts. These parts are
designed to crush adequately under impact, removing part of the kinetic energy as strain. The
mechanical parts are usually formed including welded joints, however the study of these parts
does not include the welding failure as a design concern. During an impact test of an
attenuator we could observe the failure of one welded edge. We defined a finite element (FE)
model to describe the impact test. We used the technique of trigger deformation to obtain a
model that replied the folding pattern observed. The acceleration time profile was also
reasonably described. The FE model produced the gap opening at the edge in the right
location, as observed, probing that the strain provided by the model at the welded joins are
realistic. We made a systematic study of the influence of the trigger location, as well as point
defects at the welding joint and rigidity weakening in wider regions. We found that the
acceleration profile was only influenced by the plying pattern. The causes we input to force a
possible welding failure did not cause any important change, but for the case it affected the
starting of the plying process.
Keywords: impact attenuator, crashworthiness, welding, non-linear FEM, LS-DYNA,
buckling initiator
1. INTRODUCTION
Passive safety in vehicles is based mostly in the modifying the behaviour of the structure
under impact. For that purpose there are parts designed to have a better control on the local
rigidity. These parts are useful by absorbing the impact (kinetic) energy while deforming
under loads to produce strain energy, and reduce the energy reaching other vehicle parts. The
location of these parts on the vehicle imposes different requirements. The cross-beam in the
bumpers requires bending and lateral deformations; the front-rail, axial and oblique
deformations; and for the side panels, bending deformations. Despite their very different
purposes and aspects, these elements are named under their function as impact absorbers.
Impact attenuators (IA) are typically designed by using thin-walled structures (Baroutajia,
2017). This preferred design is based on the good dynamical behaviour, production feasibility
and cost-effectiveness of various applied solutions. The axial crushing of these structures
causes failure either by global (Euler), progressive, or (dynamic) plastic buckling. For
dynamic plastic buckling it is necessary to generate a uniform stress over the entire axial
length of the part, so that radial displacements are uniformly produced over the whole axial
length and there are not bending moments caused by these displacements. However, in
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progressive buckling the formation of plies do not happen over all the length of the
component, and buckling is located at specific zones. The preferred option is designing to
achieve progressive buckling because more energy is absorbed due to larger amount of
material deformed plastically.
Thin-walled IAs were studied considering constant section geometries squared (Abramowizc,
1984) and circular (Abramowizc, 1986), and tapered sections rectangular (Reid, 1986) and
conical (Zhang, 2014). Fustra show a better behaviour under oblique impacts. A detailed
study of tapered structures and the influence of cross-section, wall thickness, angles, etc. was
made by (Guler, 2010).
The actual buckling and folding of one structure under an applied load, even if the location
and direction of the load is well determined, depends on the geometrical deviations, material
in-homogeneities and residual stresses. These different causes are rather unpredictable and
may be quoted as ‘imperfections’, which strongly define the buckling of thin-walled
structures (Langseth, 1999). Otherwise, the structures may include defaults made in purpose
to cause a designed failure (Yuen, 2008; Hirose, 2014).
Despite the obvious necessity of including welding in the production of most of these
structures, most of the studies do not consider the possible influence of welding on the
buckling behaviour. Welding will cause stresses that can influence the buckling (Somodi,
2017). The quality of the welding, if including defects, will act as buckling trigger location. In
this work we wanted to address the possible influence of the welding in the performance of
the IAs. We studied the case of an absorber designed for application under the rules of
Formula-SAE vehicles (SAE, 2017). It is an IA located at the front part and designed for axial
impact. Some characteristics and the influence of the materials were described in (Segade,
2016). For this study we considered the original material (aluminium alloy) with high specific
energy absorption, and made with welded parts.
This work is organized as follows. First we describe axial-crush test applied to the IA. Then
we describe the FE model developed to describe the test and the type of trigger we used to
reproduce the folding. In the next part we describe the influence of the trigger location on the
load profile, and select one case to obtain a realistic model. Finally we analysed the influence
caused by forcing different defaults, both local and extended, related to the welding edges.
2. IMPACT TEST
The test used as reference in this work was done with an impact absorber designed for
implementation into a SAE-Formula car. The geometry is a truncated tapered pyramid of
rectangular section. The size accomplishes with the rules of SAE-Formula to be within a
given envelope (LxWxH, 270.3 x 159.8 x 234.5 mm3) with restrictions on the angles, and
then adapted to the specific vehicle. The thin wall part was made of aluminium alloy (EN AW
5083-O) sheet (2.5 mm thickness) and formed by welding the four sides and the front lid. An
additional flange at the opposite side was used for connection, but has no interest in this
study.
The IA was tested in a drop tower (at CTAG-IDIADA Safety Technology, Spain) to check the
energy absorption characteristics of the part (Segade, 2016). As specified by the same rules
the minimum energy was established in 7350 J. The test was performed by dropping an
impact block of 348 kg released at 2.13 m above the IA to achieve 6.47 m/s at the impact
point. The test was recorded by a high-speed camera (1000 FPS) and one accelerometer
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(Kyowa Electronic Instruments) set at the impact block. The acceleration data were analysed
by a Channel Filter Class CFC-60 (100 Hz) according to norm SAE-J211. The IA was hit in
axial (vertical) direction, fixed at the bottom flange to the test bench. The high-speed pictures
showed the folding pattern of the structure while crushing. It was possible also to observe a
failure in one edge causing a gap (Figure 3). At the end of the crushing the part height was
about 60 mm, 25.6% of the initial size (height of 234.5 mm). The maximum acceleration
peaks were measured at 8 ms (14.85g) and 46 ms (28.8 g). The average acceleration value
was 9.96g in a time spam of about 60 ms. The acceleration time profile details will be
discussed later in relation with the analysed data.
3. FINITE ELEMENT MODEL OF THE IA AND TEST
We built a Finite Element model to reproduce the load behaviour shown by the real impact
attenuator device. In the model we reproduced the test details as close as possible (geometry
and loads). To solve the analysis we used the commercial code LS-DYNA (R8.1.0, Livermore
Software Technology Corp. CA, USA), adequate to deal with the dynamic problem including
the strong non-linearity, by using an explicit approach to the problem.
The model contains three parts (bodies), two for the impact block and the bench support, and
one for the IA. The impact block and bench were defined as rigid surfaces, with a coarse
mesh. The bench part was fixed. The block included mass elements to define the inertial mass
of the test, and defined with the initial speed at impact time. Gravity effects were also
included to add the extra effect on the (vertical) test.
The IA was modelled with the actual geometry and meshed (mapped mesh) with shell
elements of size 5 mm (Figure 1). The elements (2.5 m thickness) had 5 integration points
across the thickness in order to accurately compute the bending moments, especially when the
section reaches the yield range. The element size was selected with a mesh sensitive analysis,
by performing several calculations to evaluate the proper description of the crushed plies and
the convergence of the results.

Fig. 1 - Drawings of the parts included in the FE model including the meshes: coarse mesh for the
rigid surfaces, one fixed and one mobile; and 5 mm sized elements for the IA. The IA is within an
envelope (LxWxH) of 270.3 x 159.8 x 234.5 mm3.
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For our studies we wanted a model capable to reproduce the reference test. This situation is
different of designing a part to reproduce an optimized load pattern under impact, which can
be achieved with pre-deformed shapes introduced to the original structure (Segade, 2018:
these proceedings). For our purpose we used the method of introducing a default in the mesh
pattern, therefore forcing the plying sequence to start preferably at the selected location, or at
least to influence the folding pattern. By inspection of the plying sequence observed in the
pictures of the test, we introduced the default in the bigger surfaces, located at different
heights in the horizontal plane. The default was an inward deviation of the mesh nodes in the
same horizontal line, being null at the edges and following a cosine shape with a single
maximum at the middle position (Langseth, 1999). The deviation was set to reproduce
adequately the first initial peak (Langseth, 1999; Zarei, 2006).
The aluminium alloy EN AW 5083-O used for IA was defined as a material with elastoplastic properties included in an isotropic hardening plasticity model. The material parameters
are listed in Table 1 according (Segade, 2016).
Table 1 - Mechanical properties of the aluminium alloy (EN AW 5083-O)
used in the FE model
Elastic Modulus

72 GPa

Yield Strength

115 MPa

Tangent Modulus

1.082

Density

2 700 kg/m3

Poisson Coefficient

0.33

The IA body was composed of five different plates welded at the edges in a corner joint by
fillet welding. To characterize this joining we used a specific LS-DYNA parameterisation
dedicated to include in the simulation the welded joints of the parts. This feature defines the
welding stress state and possible failure according to the fillet geometry and the strength of
the material involved. For the fillet the width, length and plate thickness are required. In our
case the width was 3 mm, defined by the filler metal rod used for fabrication (2.4 mm). The
length depends on the distance between nodes located at the edges, and may vary depending
on each edge (5.3 - 4.5 mm) due to the mapped mesh. The thickness was that of the plates
(2.5 mm). The definition of the welding is done node-to-node, a method that provides with
large flexibility in the model definition but it is largely time consuming. We used a MATLAB
(The MathWorks, MA, USA) routine to directly re-write the LS-DYNA cards to input the
modifications we needed into the nodes corresponding to the welded edges. The strength of
the weld fillet was defined as 260 MPa according to (Mutombo, 2010).
The contact between the folded plies, including self-contact, was defined using a penalty
formulation. After the simulations were completed, we check either for penetrations or missed
contacts to re-adjust the penalty conditions. The crushing process lasts for about 60
milliseconds, from impact until the mass is fully stopped. During the computation, the
acceleration of the impacting mass was recorded in 0.5 ms steps. The acceleration time profile
will be used to compare the behaviour of the different models studied and also with respect to
the data obtained in the test. Each model computation requires about 28 minutes in a
processor Intel-Core i7-4820K 64Gb RAM. The model will be first studied to produce the
observed folding pattern by introducing a trigger in the geometry.
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4. TRIGGER LOCATION
We analysed the influence of the location of the trigger by evaluating models defined with
different initial locations, and comparing with the test results. The evaluated locations where
set at different horizontal positions, considering as ‘vertical’ the natural direction in the test
bench and corresponding to the axial direction of the impact, Y-axis in Figure 1. The
locations were at the upper, middle and lower third regions in both the bigger and the shorter
faces (not in the lateral ones). The plies, however, were analysed by inspecting the lateral
faces, to compare with the images obtained during the crushing test (Figure 1). Several test
were used to evaluate the (maximum) deviation needed by the trigger definition according to
the results, and it was set to the working value of 1 mm. This value does not refer to any
actual deformation geometry, but reflects only the effects of the true imperfections that would
cause the folding observed.
In Figure 2 we plot the acceleration time profile measured (line A) as well as the values
obtained varying the trigger location from the upper third (line B), to the middle third (line C)
and lower third (line D) in the face with higher height. In the test data we can see a broad peak
(15g) till 20 ms, a constant plateau (7.5g) between 20 and 32 ms and the higher peak (26g)
between 32 and 60 ms. This profile corresponds to a first peak generated in the initial unstable
situation prior to the folding of the structure. Then, while plying, the load decreases and
stabilises. Once the structure is crushed and the plies are touching each other the load
increases again due to the extra rigidity till the energy is exhausted.
About the calculations, the results corresponding to the trigger at the upper location are the
more realistic (line B). The time spam is similar (55 ms) to the measured data; the first peak is
reproduced in value and position, and there is a plateau before the final load increase.
However there are more oscillations, the initial peak is narrower, and the second one is
broader and reaches a lower value (23g). The same characteristics are observed in any
calculated case, so they are model-dependent. For the cases with the trigger at the other
positions (lines C and D), the first peak increases and delays, the plateau disappears and the
second peak happens too early, reducing the time spam considerably. The fact that the trigger
be located farther in the axial crushing process helps little to smooth the loads in the initial
time range.
We also evaluated the results by locating the trigger in the shorter face of the IA, again at
three different heights. The results were rather similar to the previous cases with the trigger
located in other position than the upper third, and the values (almost) coincide with those of
the line C in Figure 2. Definitely, only if the trigger is located in the upper part of the longer
face do affects to the plying pattern, and thus to the acceleration profile. Otherwise, the trigger
is useless because the folding is already developed, and the stiffness changes due to the plying
pattern in the crushing process are defined before the trigger can induce any appreciable
modification.
In Figure 3 there is a time sequence of the crushing process comparing both the test pictures
in real time and the results obtained with the trigger located in the upper part of the longer
face (corresponding to line B in Figure 2). We can observe that the plying pattern is
reproduced rather closely both in time and shape. Any other location of the trigger in the
models caused a rather different folding pattern, rather similar in all cases, and resulting in the
similar acceleration curves discussed above. The higher acceleration observed in the model
after 25 ms (Figure 2) is due to the self-contact caused by the plies in the shorter face. At this
time-point, all plies are developed, and any differences between plies in the model and part
accumulate the contact effects to make a difference in rigidity in the final stage of the
crushing.
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Fig. 2 - Acceleration profile measured during the axial crushing test (line A). The evaluated
results are plot for the cases with the trigger located in the longer face at the upper third
(line B), middle third (line C) and lower third positions (line D).

In the third sequence in Figure 3 we can observe (marked) that a gap was formed in one of the
edges. The stress was high enough at the plied corner that the welding failed and the plates
were set apart. This effect can be reproduced by the calculations in a completely natural way.
This gap is present in any calculation whatever the conditions of trigger, if the plying reaches
a similar condition. Therefore, we conclude that the stress states at the welding lines are
reliable data as developed in the model.

5. INFLUENCE OF WELD DEFAULTS
We studied two possible failure cases affecting a local or a wide region of the welded edges.
First we analysed a model defined so that the joint between two nodes is lost. This has a quite
limited extension (about 5 mm), and can be though as caused by a welding defect which
caused a crack-like default. By setting this node-to-node default at different heights of the
edges (upper, middle and lower regions of both the higher and shorter edges), we observed
that all cases produced rather similar results and the acceleration profiles were close in shape
and values to line B of Figure 2. Only if the default was set close to the position of the
deformation trigger, the acceleration profile slightly changed, but not appreciably modifying
the results.
A different analysis was done considering that a wider region, corresponding to one third of
the edge, had a lower strength (60% of the original value). This situation can be seen as a
general failure of the welding joint during the production. In Figure 4 we plot the acceleration
time profile considering the default located at different regions of the longer edge. We
analysed also the cases by setting the wide weakening default at the shorter edges. The
acceleration time profiles were rather similar. Only if the default was set at the upper third of
the edge the load profile changes, just slightly if located in the shorter edge, but largely if
located in the longer edge, line B in Figure 4. Now, the change is important, with a large
oscillation in the 15-35 ms range, reaching an important maximum value, but never exceeding
the maximum (final) peak value.
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Time 8.0 ms

Time 15.0 ms

Time 23.0 ms

Time 40.0 ms

Fig. 3 - Time sequence of the crushing process.

Fig. 4 -Acceleration time profiles corresponding to model evaluations.
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This different pattern happens because the welding default corresponds with the location of
the deformation trigger. The effect was not important in the case with the local welding
default at that position, even if some small change was produced. This important difference
can be easily understood by looking to the Figure 5.

Fig. 5 - Drawings of a cross section of the IA during the crushing process.

The drawings correspond to the model with the deformation trigger located at the upper third
(left column) and the extra welding default in the upper part of the edge (right panels). In the
upper panels, at time 6 ms, we can observe a gap formed in the initial plies if the welding is
weak, but not present in normal conditions. This failure causes the lower peak of line B
(Figure 4) in the initial 5 ms. At 15 ms (lower panels), the expected gap appears additionally.
The new contacts in the plies cause the differences in stiffness in the rest of the time spam.
We also investigated if this default could be equivalent (and justify) the deformation trigger.
Removing the trigger and setting the welding default at the upper region of the longer edge,
the result was similar to lines C and D of Figure 2. The plying pattern is ruled by the
geometry and the influence of the weakened welding makes not big differences.
It is important to note that in all the cases analysed there is a failure caused by the open gap at
the edge (see Figure 3). If the plying pattern is defined, the stress at the edge causes that
failure, and it is not related to any weakening situation.
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6. CONCLUSION
This work was motivated to analyse the influence of the welding joint quality into the design
of impact attenuators of vehicle energy absorbers. We built a FE model to reproduce the
impact test of an attenuator tested in a drop tower. The attenuator included a set of welded
joints. The FE model reproduced satisfactory both the (measured) acceleration time profile
and the welding failure observed in the test.
The model included a deformation trigger to control the plying pattern. We could verify that
the acceleration profile is completely ruled by the plying pattern, and this pattern is only
influenced if the trigger was located at a defined region. Otherwise, the pattern is different and
has a lower correspondence with the measured case.
With this FE model we could study the influence of welding failures. We tested small local
failures, which caused very limited changes. We also tested wide weakened-strength regions.
In this case, only if the weakening region and deformation trigger were close, the acceleration
profile changed notably. We could relate that change to the failure of the welded joint and
local gap opening. However if the weakening effect was at any other region, the plying
pattern is not influenced and therefore the acceleration time-history is almost unchanged.
We also investigated if the welding weakening could explain the deformation trigger. But the
welding alone did not modify the plying pattern, and the result differed from the test. These
results point clearly that the welding defaults have a limited influence in the crushing
description of thin walled attenuators, ruled by buckling processes. Small welding defaults
seem to be negligible. Only if a wide welding weakening combines with more complex
‘defaults’ that define the buckling process, the result is affected. We observed then more
important load (acceleration) oscillations, but not increased maximum peaks nor different
time spams.
In this situation we conclude that if welding inspection is considered important, it should be
focused in determining weakened strength in wide regions. If the buckling pattern were forced
(Segade, 2018: these proceedings), the inspection would be located at the pre-defined regions.
Otherwise, if this type of defect was present, it would only have influence in some cases, and
the influence would not drastically change the attenuator functionality.
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ABSTRACT
The interest for more efficient safety systems for the automotive market includes multiple
mechanical parts. One of the key systems for the energy absorption in an impact situation is
the front-rail, including the so-called crash boxes. Designed for low speed impacts, the
purpose of this box is to deform by crushing, causing a characteristic load transmission to the
vehicle. The possibility to design the boxes to avoid extreme load (acceleration) peaks is an
opportunity to improve the overall safety of the vehicle. We study a feasible option to design
the pre-deformation of the boxes according to the buckling shape modes. The analysis of the
mode shapes can guide the selection of the more efficient cases. The comparative study of the
load patterns induced by the different options can provide the most appropriate shape to
reduce the load peaks. We focus in squared sections, and also compared the effects of wall
thickness and material stiffness. We analyse further the implementation to a realistic crashbox plus bumper system. We also propose a series box mounting to study the possibility to
design systems capable to distribute the energy absorption in quasi-independent stages
according to the energy levels. We study a case of section and size defined and a reduced set
of materials, however the method allows for more detailed studies to analyse solutions to
specific situations.
Keywords: crashworthiness, LS-DYNA, ANSYS, impact, crash box, buckling
1. INTRODUCTION
The better understanding of the materials properties and the behaviour of structures under
impact conditions, drives continuous improvements in the safety systems dedicated to the
automotive industry. In modern cars up to 50% of the impact energy may be absorbed by the
front-rail structure (Witteman, 1999) in front impact situations. The right understanding of
these parts started with the studies dedicated to axial crushing developed in the 80's (Gao,
1984; Abramazovick, 1984). Most of the works were based in structures with uniform crosssections in the length (Yamazaki, 1998; Abramovizc, 1986), and described the irregular load
pattern caused by the folding and crushing of the structure during the crushing process.
These studies also allowed for early proposals (Mamalis, 1986; Grzebieta, 1985; Grzebieta,
1986) to smooth the impact load patterns by modifying the structure profiles with deformation
triggers. An efficient and simple method to make triggers in structures is with drills (Arnold,
2004; Mamalis, 2009). Other methods proposed combine efficiency with feasibility, including
(axisimmetric) circumferential grooves (Hosseinipour, 2003; Acar, 2011) and transversal
dents (Lee, 1999; Asanjarani, 2017). A review is given by (Yuen, 2008). A different option is
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to find an optimal geometry to improve the energy absorption although this method implies
the use of complex geometries. This is the option followed by Tanlak to find an optimal shape
of a bumper beam (Tanlak, 2015) or for a thin-walled tube under axial impact (Tanlak, 2014).
The new concepts allowed improving the energy absorption in vehicles for both conventional
models (Kokkula, 2006) and new growing markets, as for heavy quadricycles (LopezCampos, 2015). This work studies the performance of complex geometries of the crash box
part of an energy absorption system, still feasible for industrial implementation. The geometry
is based in the (static) buckling modes of the structure. This strategy has been studied by
(Langseth, 1994) analysing the better performance of these structures in dynamic conditions.
There was also a proposal by (Abramowicz, 1997) to relate the static buckling (according to
Euler formulation) with the start of the dynamical buckling, just limited to the basic modes.
Some studies proposed using an eigenvalue buckling analysis before the dynamical nonlinear
crushing evaluation for considering the geometrical imperfections (Nagel, 2006). In this work
we extend the study to multiple modes and establish a selection rule for the interesting modes
to make a study of the more convenient deformation to improve the load profile.
The paper is outlined as follows. In section 2 we present the case study and discuss the
selection of the proper eigenvalue buckling modes for the following analysis. In section 3 we
define the dynamical test performed. In section 4 we analyse the results provided by the
different modes and deformation scaling, to discuss the best option. In sections 5 and 6 we
study the influence of wall thickness and material selection. In the last section we analyse the
implementation of the selected crash-box into a bumper system and propose a double serial
crash-box system to study the energy absorption capabilities.
2. BUCKLING MODES
The buckling deformation of a crash-box under a certain load is governed by the geometrical
imperfections of the structure, material in-homogeneities and residual stresses after the
welding, extruding, plying, etc. of the part. Typically just before an unknown buckling pattern
triggers under a pressure load is applied, there is a hardening effect due to the instability
caused, inducing a fast load increase (Albert, 2016). During the plying of a buckling shape the
load decreases, and only when the plies make a new material contact, the compression load
increases again and, maybe, causing new buckling plies. This process generates peaks and
oscillation of the loads between minimum and maximum values (Langseth, 1999).
To have a better control on the load pattern, and for being predictable, it is possible to tune the
structure geometry so that the weak points are pre-defined. One option is to pre-deform the
shape of the structure according the (static) buckling mode shapes. Under these conditions,
the load applied is used to deform the structure following a deformation pattern designed to
improve the load profile from the safety point of view.
2.1 The analysis of buckling modes in FE models
The finite element (FE) method to solve the linear buckling is based in the matrix equation
([K] + N[Kgeo ]){d} = {F}
where [K] is the stiffness matrix, {d} the displacement vector of the mesh points, {F} the load
vector and N the axial load. [Kgeo] is the ‘geometric’ stiffness matrix obtained from the
integration of the element shape functions. It is related to the geometrical non-linearity of the
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structure studied (Cook, 1974). The buckling conditions happen when [K] is small and
therefore tiny perturbations cause large displacements. The problem then reduces to solve the
eigenvalues N that cause the singularity of the matrix [K]
det ( [K] + N[Kgeo ] ) = 0
The N values correspond to the axial loads that cause the buckling, and the corresponding
eigenvectors are the mode shapes for buckling. The modes can be extracted for post-buckling
analysis by using a normalization of the selected eigenvectors. Therefore, the shape is
defined, but not the absolute deformation. We will use the scaling of the eigenvectors to
create the structure deformation for the dynamic analysis.
2.2 Buckling modes of the structure
This study considers a structure of square section (64 mm per side), fixed length (150 mm)
and homogeneous thickness. This size was selected because it is a common one for the frontal
rail and crash box of cars. The general study is presented considering the use of a mild steel to
discuss the structure properties and later considering different thicknesses and materials,
including both steel and aluminium, always keeping the same section size. All materials were
implemented in the models according to their elasto-plastic properties using an isotropic
hardening rule and applying the tangent module profile for the values in the range between
yield to ultimate strength. The values of the properties of the different materials are listed in
Table 1. The material selection was done considering that mild steels are widely used for
energy absorbers (Baroutaji, 2017), so we considered the cases of S355 and S235 (EN 100252) and the lighter structural aluminium alloys (ENAW or AA 6060) (Baroutaji, 2017;
Guillow, 2001; Reyes, 2002).
Table 1 - Values of the elasto-plastic properties of the materials used in the studies.
steel
S355

steel
S235

aluminium
AA6060 T4

aluminium
AA6060 T6

Elastic Modulus [GPa]

210

210

70

70

Yield Strength [MPa]

355

235

90

215

Tangent Modulus [GPa]

1.30

1.10

0.56

0.50

Density [kg/m3]

7850

7850

2700

2700

Poisson Coefficient

0.30

0.30

0.33

0.33

The study of the eigenvalue buckling analysis and mode shapes was done with the software
package Ansys Mechanical (v18.2, Ansys, PA, USA). We analysed the initial 70 buckling
modes for making a selection of the more convenient cases, considering both the efficient
performance and the easy of a future application into a production process. The first selection
option is for cases with the deformation affecting to all the faces, being more effective for
load smoothing. Then we select the cases with deformations with a simple waving profile in
each face section, either convex or concave, and removing not simple profile. The selected
cases showed a different number of plies along the length of the structure. In Figure 1 there
are plots of three buckling cases obtained for the geometry under study. The case on the left
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panel shows a not-simple profile in some faces; the case on the central panel contains not
deformed faces; the case of the right panel shows simple profiles in all faces. Only the later
case would be a candidate according to our criteria.

Fig. 1 - Drawing of different buckling cases obtained for the structure of this case study.
We can observe that not-simple profiles (in a section) appear on the faces of the case on the
left panel, and some face is not deformed for the case in the central panel. The case on the
right panel shows simple profiles on each face.

For the final selection of modes to consider we opted for those with peak distances about 50
mm, inducing at least three plies in the folding pattern. In Figure 2 we plot the six different
mode shapes corresponding to the selections applied to this case study. These modes
correspond to the buckling described by Hirose [Hirose, 2014]. The author describes the
mixed and independent modes, corresponding to cases that include concave and convex
profiles in the same section (mixed mode), as for types 28, 37 and 53 in Figure 2; and cases
that include either concave or convex profiles in the same section (independent mode), as for
types 25, 30, 39 in Figure 2. In our study, the initial regular crash-box geometry will be predeformed according to the selected buckling shapes, and the dynamic study of the axialcrushing is done with these new geometry conditions.

Fig. 2 - Drawings of the deformation patterns associated to the selected buckling mode
shapes calculated for the structure of this case study. Some of the modes (28, 37, 53)
include concave and convex profiles in the same cross section (mixed mode), while other
modes (25, 30, 39) include either concave or convex profiles (independent mode).

3. DYNAMICAL TEST
The axial-crushing test was modelled considering the impact of an infinitely rigid surface
against one open face of the structure, and perpendicular to the structure longitudinal axis.
The impact conditions (mass and velocity of the impacting surface) were defined according to
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the reference dissipation energy value 2.17 kJ, provided by 250 kg at 15 km/h. We used these
values to establish a link with other works (Baykasoglu, 2015; Hou, 2011), and increased the
speed to make full use of the structure capability. The nodes of the mesh at the opposite plane
were defined a fixed.
We used the software package LS-DYNA (R8.1.0, Livermore Software Technology Corp.
CA, USA) for the evaluation of the explicit FE model of the impact. The mode shapes
obtained were redefined according a given scaling factor, and the modified mesh was used as
the input data for the crushing test. The method of using the buckling mode shapes as input
for the dynamic analysis was applied to cylindrical sections by (Shakery, 2007). However, the
authors studied the input of imperfections in the mesh to mimic the real cases, while we are
interested in true deformations for controlling the plastic buckling modes.
The mesh, structured, was defined with linear square (shell) elements. We performed a mesh
size sensitivity analysis, studying cases with element sizes between 1 and 3 mm. The results
did not change appreciably; the load profiles and maximum values were similar, the results
provided loads slightly higher for higher sizes. However, the data generated increased by a
factor 6 and the computing time increased largely (factor 41) in that range. Therefore, we set
the element size to 3 mm. This element size is then appropriate to describe the mesh for both
the studies, the static buckling of the structure and the dynamic behaviour under impact.

4. MODES AND DEFORMATION SCALING
The mode shapes associated to buckling were converted into actual deformations by scaling
the mode amplitudes. The maximum displacement of each mode shape is set to 1 mm
deformation and additionally a scaling factor is applied to the overall shape to define the total
deformation for considering different options. The following study was done considering the
material S355 and a box thickness of 1.6 mm.
In Figure 3 we plot the load time profile calculated during the axial crushing process. The line
A corresponds to the original (un-deformed) geometry of the structure. In the initial 3 ms
there are three load peaks corresponding to the formation of buckling plies of the structure,
and reach values above 100 kN. Then the load decays passing through a long plateau between
10 and 22 ms., which corresponds to the crushing of the plies.
The other curves correspond to evaluations of the pre-deformed structures according to the
(mixed) mode shape 28 and with scaling factors of x7 (line B), x10 (line C) and x13 (line D).
In the initial 3 ms. we observe two peaks corresponding to the deformation after two plies
start working. From that time the load decays until the next ply starts working at 10 ms,
causing a soft and broad load peak. The maximum load peak caused by the original geometry
(108 kN) is reduced more than 50% after including the pre-deformation shapes. Setting lower
scaling values did not help to produce this important change in maximum load. Setting higher
scaling values did not change notably the results, while its production would require more
deformation and therefore implies a higher cost with a limited effect. We conclude that the
range of scaling values considered (x7 to x13) is adequate for the following discussions. The
amplitude of the oscillations between maximum and minimum values during the plying
process is also reduced with increasing scaling factor values. The scaling x13 produces the
flatter oscillations and a maximum load of 41 kN.
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Fig. 3 - Load time profile calculated during the axial crushing process and corresponding to
shape mode 28. The different curves correspond to the original geometry of the structure
(A), and three different deformation scaling factors (B, C, D).

In Figure 4 we plot the results of the load time profile for the (independent) mode shape 39.
We can observe that the different deformation scaling values produce different force profiles
in the initial 20 ms after the impact. The mode with scaling x7 (line A) produces a maximum
value of 59 kN, while setting scaling x13 (line C) does not cross above 50 kN. There are large
differences of the load oscillations among the modes. At about 17 ms the loads converge to a
similar value, and then the load decays the faster the smaller the initial deformation scaling is.
The same behaviour of the tail of load is observed in the mixed mode 28 (cf. Figure 3). The
final load flank at the end of the crushing process is ruled by the residual energy left after the
plying of the structure. The faster the energy absorption (higher peaks), the earlier the load
decays. Otherwise, a more progressive energy absorption induces also a longer crushing time,
and the load decay happens later.

Fig. 4 - Load time profile calculated during the axial crushing process and corresponding to
shape mode 39. The different curves (A, B, C) correspond to different scaling factors.

The mixed mode shapes (types 28, 37 and 53 in Figure 2) produced load patterns alike to
mode 28, cf. Figure 3. In Figure 5 we plot the load time profile trough the axial crushing test
for these modes, each mode with the more favourable scaling factor, considering the
maximum load and the amplitude of load oscillations. The deformation patterns associated to
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independent modes (labels 25, 30 and 39 in Figure 2) induced higher loads, that is, they are
more resistant to deformation as found in (Hirose, 2014). Also the total amplitude of the
oscillation between maximum and minimum values during the plying process was higher.

Fig. 5 - Load time profile calculated during the axial crushing process and corresponding to
shape modes 28 (scaling x13, line A), 37 (scaling x10, line B) and 53 (scaling x13, line C).

Clearly the load patterns are ruled by the mode type, either mixed or independent. The scaling
may be tuned to produce similar load profiles for each mode type. According to these results,
the best performance is achieved by mode 28 and a scaling x13. This option reduces more
than 60% de maximum peak load in respect to the initial geometry, and the amplitude of the
oscillation is reduced to few kN. around the level of 35 kN.
5. WALL THICKNESS INFLUENCE
We can discuss the effect of the wall thickness studying and comparing the same selected
case (mode shape 28 with scaling factor x13, for S355 steel). It is important to note in pass
that the change of thickness does not influence the mode shapes associated to the structure. It
would simply modify the relation between the applied charge and the critical buckling load.
In Figure 6 we plot the load time profile during the impact, analysing the results for the
thicknesses values 1.6 (line A), 1.4 (B) and 1.3 mm (C) of steel S355. The lower the
thickness, the lower the plying resistance and also the load peaks appearing in the crushing
test, although the whole process increases its time spam. In the initial 30 ms, the (maximum)
load peak value changes 34%, from 41 kN (1.6 mm) to 27 kN (1.3 mm). The amplitude of
oscillations rather similar, about 5 kN in multiple bumps.
We can observe that all cases show a broad peak at the last third of the crushing process,
being more pronounced at the 1.3 mm case (line C) increasing about 27%. At the end of the
plying process, the structure cannot take more energy and the compression increases. The
lowest thickness (line B) is the preferable case: lower maximum load values, lower load
average and similar load oscillation.
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Fig. 6 - Load time profile calculated during the axial crushing process and corresponding to
the shape mode 28 (scaling x13), considering the same material (steel S355) and for
different wall thicknesses: 1.6 mm (A), 1.4 mm (B) and 1.3 mm (C).

6. MATERIAL INFLUENCE
After analysing the most convenient initial geometry to produce a smooth load pattern under
crushing, the analysis focuses now in the influence of the material selected for the structure.
We considered the same buckling mode (28) and scaling (x13) for the study. The wall
thickness for each material case was adapted to produce results comparable in maximum load
value and a soft load oscillation in the crushing process. Therefore, the different options will
produce a similar solution for dissipating the same energy, while the material and process
cost, as well as the weight of the structure, would be different.
The convenient thicknesses for each material were analysed and the final values defined
according the load profiles observed: 1.4 mm for S355, 1.6 mm for S235, 2.0 mm for
AA6060-T6 and 2.6 mm for AA6060-T4. The specific energy absorption values obtained in
this study are listed in Table 2, corresponding to the well-known behaviour of higher stiffness
and lower masses favouring higher coefficients. For the same material the higher yield
strength allows for a lower structure mass to produce equivalent energy absorption, as scaled
with the absorption coefficient.
Table 2 - Values obtained for energy absorption for the materials used in this study.

Energy Absorption [kJ/kg]

Steel
S355

Steel
S235

Aluminium
AA6060 T4

Aluminium
AA6060 T6

4,492

3,931

6,961

8,991

In Figure 7 we plot the load time profile during the crushing process for the different steel and
aluminium materials (cf. Table 1), with the appropriate thicknesses. The plying pattern rules
completely the load profile. All materials show two load peaks in the initial 7 ms. The higher
values correspond to steel S355 and aluminium AA6060-T6, with a similar profile and peak
values for most of the time spam. All materials absorb the energy along a similar time spam,
taking advantage of the plying geometry, and increasing the load just at the end of the
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deformation process when the contact between plies is predominant. The cases of the softer
materials show a fast plying: steel S235 shows one more peak at 12 ms, missing in aluminium
AA6060-T4, and a continuous load increase after 15 ms to reach the maximum load at the end
of the time spam.

Fig. 7 - Load time profile calculated during the axial crushing process and corresponding to
shape mode 28 (scaling x13), considering different materials. The wall thicknesses were
adapted in each case to produce similar load maximum peaks and soft load oscillations.

7. THE COUPLING OF THE CRASH-BOX IN A BUMPER SYSTEM
The selection of an optimum crash-box is possible according with the previous discussions.
We analyse now the performance of a bumper coupled to the selected crash-box. The bumper
system includes the bumper and two lines of crash-boxes located symmetrically at each side,
being part of the front-rail group, see Figure 8, upper panel. The study was done considering
an impact against a rigid wall normal to the bumper. The impact values considered were 15
km/h and a mass of 500 Kg (4.34kJ), being almost equivalent to the single crash-box case
analysed above due to the symmetry of the system. The shape of the bumper (2.5 mm thick)
was taken from a commercial vehicle, but the details are not of interest in this discussion. The
mesh of the boxes and bumper were the same type, with sizes of 3 mm and 5 mm
respectively. The material used in this study was S235 and thickness of 1.6 mm for the crashbox. In Figure 8 the drawings show a detail of the assembly of the bumper and one predeformed crash-box at different moments during the impact.
In Figure 9 we plot the load time profile during the impact into the bumper and crash-box
coupled system measured at one crash-box. The two lines correspond to the coupling of the
original crash-box (constant regular section) and the modified crash-box (according the mode
28 and scaling x13). The load profiles are similar the initial 10 ms, due to the fact that the
bumper makes mostly the energy absorption: its low rigidity induces the low load values.
Then the deformation of the crash-box increases fast. And thereafter the load curves differ
largely dominated by the crash-box performance. The narrow high peaks of the original crashbox (cf. Figure 3) build a large load peak in the system in a short time (20 ms), and the load
decreases till the end. The modified crash-box makes the expected work, causing smoothed
load peaks, with rather low oscillation and broad and limited peaks till the end.
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Fig. 8 - Bumper system. Upper panel: the bumper is fixed with two crash-boxes located
symmetrically. The axial impact (rigid wall) is normal to the bumper. Lower panels: Detail
of the assembly of a bumper and the crash-box at different time frames during the crushing
process after an axial impact.

Comparing the load profile between the crushing of the crash-box (Figure 7) and the assembly
of crash-box and bumper (Figure 9) we found that with the same material and thickness (S235
1.6 mm) the average force is higher when the crash-box works alone (22-26 kN) than working
coupled (19-25 kN). This behaviour is solely due to the difference between the simple axial
load of the first case and the added bending effect caused by the bumper in the coupled
system.

Fig. 9 - Load time profile calculated during the axial crushing process of the bumper
coupled to the crash-box. The lines correspond to the original (uniform section) crash-box
(line A), and to the selected pre-deformed crash-box (line B).
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7.1 SERIAL CRASH-BOX MOUNTING
The possibility to track and design the load profile through the crash-box deformation allows
for proposing and analysing different configurations to improve the energy absorption
capabilities of a system.
Two crash-boxes mounted in series can be designed so that one box with lower critic load
starts crushing initially at impact conditions. After its crushing limit, the second box stars its
own crushing, see Figure 10. The dynamic simulation shows that the two boxes may work in
a sequential process as described. The crash-box system is dedicated to the typical situation of
low velocity impact, set at 15 km/h (RCAR or AZT tests). Therefore we can consider a design
so that under a certain limit of energy one crash-box is used, while the second one remains
un-touch. At higher energies, both boxes would be crushed.

Fig. 10 - Drawings of two serial crash-boxes coupled with a bumper in several time frames
during an axial crushing. The weaker box starts plying and the increase of load at the end of
its plying causes the deformation of the second box.

To study this case we analysed and compared an impact performed at 15 km/h against a 500
kg wall (4.34 kJ), and a case with 78% extra energy (20 km/h, 7.72 kJ). The two crash-boxes
were set in series, one with the same size as the previously studied case and 1.6 mm thickness,
and a second one scaled in section to 84 mm edge and 1.6 mm thickness. Both boxes were
made of steel S235 pre-deformed according to the appropriate buckling shape mode and
scaling factor as described before. The parts were joined together by a simple plate (5 mm
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thick) in between. The total length was 235 mm, short enough to be realistic in the usual
compact available space.
The mesh of the boxes and bumper were the same type and size as before. The plate was
defined with the same elements of 4 mm size. The results calculated for the load time profile
are plot in Figure 11 for 20 km/h (line A) and 15 km/h (line B). The loads correspond to one
line of crash boxes, not to the total of the bumper system. For comparison we also plot the
load profile of the crash-box working alone with 15 km/h (1.6 mm thickness, Figure 7). For
the serial mounting we can distinguish three regions. In the region just after the impact (0-5
ms) the compliant bumper makes the most of the energy absorption, causing low load values.
In the second region (5-25 ms), the first crash-box plies and the load reaches a rather constant
level about 22 kN. The behaviour is rather similar for both velocities (lines A and B) because
it is only the first crash-box that absorbs the energy. In the last region, at 15 km/h (line B) the
load increases smoothly to 24 kN and decays. At 20 km/h (line A) the second box plies and
the load increases up to 35 kN. A more elaborated design (reducing the thickness of the
second box) could decrease and smooth that profile. Here we wanted to show the sequential
action of the serial setup.
With increasing energies, the load patterns are rather similar in regions 1 and 2, and they
differ only in the third region. This shows that the first crash-box makes completely its work
before the second box starts working. This characteristic of the serial mounting allows for
designing systems where one part may preserve its integrity for impacts up to a certain energy
level. This concept helps in the modularity of the safety systems.

Fig. 11 - Load time profile calculated during the axial crushing process of a bumper
coupled to a double crash-box in series. The results correspond 20 km/h (line A) and 15
km/h (line B). The profile for a single crash box and 15 km/h is also plot (line C).

8. CONCLUSIONS
The front-rail of the vehicles is a key system for the energy absorption performance during an
impact situation. The crash boxes are mechanical parts whose deformation influences notably
the load pattern transmitted through the whole structure, specially designed for low-speed
impact situations.
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In this work we have studied the design of a crash box to produce a characteristic load pattern
smoothing off the peaks and causing low load oscillations. We have used the analysis of the
buckling mode shapes to select a collection of preferred candidates. The criteria were based
both in the efficiency for tuning the load patterns and the feasibility for industrial application.
The structures were pre-deformed according the mode shapes, and then studied under impact.
The analysis and comparison of the loads induced by this set of modes allowed for selecting
the best performance options. We focused in using a squared section, and set a size for
making the analysis. We found that the pre-deformed structures caused a 60% reduction of
the peak loads induced by a uniform section structure. Also the load oscillations were very
much reduced, to some 5 kN (amplitude). We also analysed the influence of the wall
thickness in the load patterns. The studies included a few typical materials (steels and
aluminium alloys) for comparison of the influence of different rigidities and strengths.
The possibility to select a preferred crash box by using the proposed method also opens the
opportunity to study the effect of coupling the box into a bumper system. In real conditions
there are typically no simple axial impacts, therefore we have used comparable loads. We
have analysed how the load pattern of the whole system responds rather well according to the
box-induced load pattern. We proposed to couple the crash boxes in series to further control
by design the load pattern in cases with increased energy. We found that the boxes set in
series allows for splitting the deformation in independent stages limited by energy levels. This
method may be implemented to have a better control on the level of damage caused in low
speed impacts.
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ABSTRACT
Wood is widely used as a shock absorbing material. For the design of various protective
structures and modelling their behaviour under dynamic load conditions, models equipped
with authentic parameters are required. Since wood is a highly anisotropic material, this effect
should be taken into account in modelling. The behaviour of the three structural types of
wood is studied: pine, birch and sequoia. The stress-strain curves of pine and birch were
obtained when the specimens are loaded along and across the fibers. To achieve a greater
degree of deformation, the mode of multicyclic loading of the sample was used. For sequoia,
an analysis of the effect of the stress-strain state on the strength and deformation properties
was carried out. In the condition of uniaxial deformation, the nonuniformity of the radial
expansion of samples with a different cutting direction relative to the grain was evaluated. It
was found that the lateral confinement strongly affects the stress-strain behavior of the
sequoia, suppressing cracks along the fibers and thereby slowing down the fracture.
Keywords: wood, anisotropy, confining test, multicyclic loading.
INTRODUCTION
Annually in the world a huge number of containers are transported with dangerous, including
radioactive, substances of various types, spent nuclear fuel, ammunition components, etc.
Ensuring the safety of transportation of such substances and products by air, road, sea and rail
transport is of great importance due to the potential risk of harming to people, the
environment and property during transport. The design of the container must withstand,
without damage to the contents, significant dynamic loads that can occur when a container
falls from an airplane, as well as a result of an accident or a terrorist attack. As one of the
damping materials that can soften the results of such intense dynamic impacts on containers
and their contents, wood of different wood species can be used. In order to reliably calculate
the behavior of containers with similar damping materials, data on their properties under
shock actions, in particular dynamic stress-strain curves, are needed (Manual for LS-DYNA,
2007). If for quasi-static effects there are still a few data on the mechanical properties of
individual types of wood, then the data on the dynamic properties are rather scarce (Buchar,
2001, Reid, 1997; Wouts, 2016).
As is known, wood is an anisotropic material. To date, it is customary to consider wood to be
a material whose properties possess orthogonal anisotropy. When calculating wooden
structures, the design of a cross-isotropic material is usually used, the properties of which
differ along and across the fibers.
The purpose of this study is to determine the influence of the "texture" configure of the
sample on the strength and deformation properties of wood, the study of property degradation
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under cyclic loads, as well as the conditions of lateral confinement on the dynamic
mechanical behavior of the sequoia.
To assess the degree of anisotropy, detailed studies of pine and birch (the most common
representatives of coniferous and deciduous trees) as well as sequoia, which can be used as
damping materials in layered protective structures, were carried out.
EXPERIMENTAL METHOD
The dynamic properties of wood under compression were investigated with the help of an
installation (Bragov, 1995), which implements the Kolsky method with a slit Hopkinson
pressure bar. The installation consists of a pneumatic loading device (gas gun) with a control
system, a set of measuring and recording equipment and measuring bars 20 mm in diameter
made of D16T alloy equipped with low-base strain gauges. The amplitude of the loading
pulse, proportional to the speed of the impactor, ranged from 30 MPa to 235 MPa, and the
strain rate was from 300 s-1 to 3000 s-1, respectively.
Due to the large difference in the acoustic impedances ρC of measuring bars and the wood
specimen, the amplitude of the reflected pulse can reach 90% of the amplitude of the loading
wave. In this case, the sample is subjected to several loading cycles. To reliably record of
repeated loads during one experiment, it is necessary to exclude the effect onto the loading
process in the second and subsequent cycles of a pulse passing through the sample and
reflected later from the back end of the support bar in the form of a tensile wave. For this, the
length of the support bar should be increased in comparison with the length of the loading bar
by as many times as the load cycles need to be registered (Bragov, 2001). In this series of
experiments the loading bar had a length of 1.5 m, a supporting bar was 4.5 m, which allowed
recording the main and two additional loading cycles (Figure 1). The markers on the rays
indicate the origin and the ends of the pulses (incident, reflected and transmitted) recorded
during the three-cycle loading of the specimen.

Fig. 1 - A typical oscillogram for testing wood

Fig. 2 - Separate registration of circumferential
deformation of jacket

Due to the substantial anisotropy of the properties of wood, the uniform (axisymmetric)
expansion of the specimen during compression is possible only when the specimens are
loaded along the fibers, whereas when the specimen is loaded at different angles to the
direction of the fibers the expansion occurs unevenly. This effect is especially strong when
loaded at an angle of 90°. The circular cross-section of the specimen in that case becomes
elliptical with a long axis parallel to the direction of the fibers.
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To study the influence of the type of stress-strain state on the behavior of the sequoia, in
addition to tests under a uniaxial stress state, some of the experiments were performed under
conditions of uniaxial deformation. The specimen was placed in a rigid jacket limiting its
radial expansion. Additional strain gauges glued on the side surface of the jacket made it
possible to measure the radial stress component in the specimen that allowed, in combination
with traditional measurements of longitudinal stress component by using the Kolsky method,
to determine the stress tensor in the specimen (Bragov, 1994).
In experiments with uniaxial deformation, the degree of anisotropy of the sequoia was
estimated by separately measuring two orthogonal components of the radial stress in the
sample. For this purpose two independent strain gauges were glued on the lateral surface of
the confining jacket allowing two orthogonal radial stress components to be registered
separately and to estimate the degree of anisotropy of the wood (Figure 2). To study the
properties of pine and birch, specimens were made in the form of tablets with a diameter of
~20 mm and a height of ~10 mm with different cutting directions relative to the axis of the
tree trunk. The angles between the direction of application of the load and the direction of the
arrangement of the fibers were 0° and 90°. The moisture content in the specimens was ~10%.
In addition, samples of sequoia with a diameter of ~20 mm and a height of ~10 mm with
cutoff angles of 0°, 30° and 90° were tested. Humidity of these specimens was 7%.
RESULTS AND CONCLUSIONS
As a result of a series of experiments on the study of pine and birch, when loading along and
across the fibers, stress-strain curves were obtained as well as strain rate change curves. To
assess the degradation of strength properties, additional loading cycles were recorded in the
experiments. When loaded along the fibers, the specimens have a significantly higher strength
than when loaded across the fibers, so the magnitude of the reflected wave and, respectively,
the amplitude of the repeated loading wave in the first case will be less than in the second
one. This causes a different degree of deformation of the specimens when loading along and
across the fibers. In addition, some samples with an insignificant degree of damage were reloaded, which made it possible to evaluate the process of deformation up to high degrees of
deformation.
Further, the obtained diagrams of deformation of pine and birch are shown for loading along
and across the fibers. Figures 3 and 4 show diagrams for two regimes with respect to the
amplitude of the loading wave and the corresponding strain rate. At a low strain rate the
damage to the specimen is negligible, while at a high strain rate, the integrity of the specimen
is significantly impaired. The solid lines show stress-strain curves, while the dotted curves in
the lower part of the figures show the corresponding strain rate changes.
A well-known tendency to decrease the strength properties of wood with an increase in the
cutting angle is well traced: the largest value of the load-branch modules and breaking stress
is inherent in specimens of both types of wood with a cut-out angle of 0°, and the smallest
values for specimens with a cut-out angle of 90°. For small angles of cutting after reaching
the ultimate stress, a considerable relaxation of the stress is observed, i.e. decrease in loadbearing capacity with an increase in the degree of deformation, possibly caused by microdestruction of bonds between fibers and loss of their stability. The recession of the stressstrain curve and the nonlinear nature of the unloading are evidence of the destruction of the
specimens, which is confirmed by their inspection after the test. For the cutting angle 90°, the
bearing capacity for a considerable degree of deformation does not only decrease, but on the
contrary the material exhibits a property of some hardening.
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(a)
(b)
Fig. 3 - Typical stress-strain curves of the pine when loaded along (a) and across (b) the fibers

(a)
(b)
Fig. 4 - Typical stress-strain curves of the birch when loaded along (a) and across (b) the fibers

The nature of the deformation and fracture of the samples strongly depends on the cutting
angle of the materials. Specimens after loading across the fibers are characterized by uneven
(oval) expansion with extrusion of the material in the direction across the fibers. In addition
the axial deformation of these specimens is very uneven: the shape recovery coefficient is
much higher at the edges of the specimens in the zone of extrusion of the material, so that the
central part of the specimen in the direction of the minor axis of the ellipse (into which the
specimen cross section is transformed) is significantly larger than the peripheral zones in the
direction of the large axis of the ellipse. The residual deformation of the specimens has the
character of being pierced by the lateral surface of the cylinder.

Fig. 5 - Energy absorption of pine and birch
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The obtained strength properties and energy absorption characteristics are given in Table 1.
The average modulus of the birch load branch with an angle of 00 has largest value. The
fracture stress is also maximized for this wood.
Table 1 - Strength and damping characteristics of pine and birch
Cutting angle
(°)

Fracture stress
(MPa)

0
90

84
5.9

Load branch modulus
(MPa)

Energy absorption
(MJ/m3)

Pine
3500
116

8.59
1.05

8312
447

9.99
3.36

Birch
0
90

160.7
16.1

In addition to pine and birch, specimens of sequoia were studied under conditions of uniaxial
stress as well as uniaxial deformation (a sample in a rigid confining jacket). The specimens
were cutting out at 0°, 30° and 90° angles to the direction of the fibers.

Fig. 6 - Quasi-static properties of sequoia

The results of static testing of the sequoia under conditions of a uniaxial stress state are shown
in Figure 6. It can be clearly seen that the samples with a cutting out at 0° have the greatest
strength and the largest modulus of the loading branch, while the samples with a cutting angle
of 90° have the smallest indexes.
A set of dynamic stress-strain curves with allowance for the multi-cycle loading was obtained
for different types of stressed-deformed state of sequoia specimens at different angles
between the load direction and the direction of the wood fibers (Figure 7). Under the
conditions of a uniaxial stress state the strength properties of the sequoia are higher, while the
deformative properties are lower than under conditions of uniaxial deformation. The results
show a strong anisotropy of the sequoia properties. These results can be used to
parametrically identify the tree model as an anisotropic material.
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Fig. 7 - Behavior of sequoia under uniaxial strain condition (solid lines) and under uniaxial
stress condition (dashed lines)

It is of interest to compare the dynamic properties of the sequoia with the results of similar
tests obtained by other authors. In Figure 8 shows stress-strain curves for the 0°, 30° and 90°
cut-out angles kindly provided by R. Gray (LANL). Unfortunately, in his experiments, due to
the usual single loading of the specimen, a significant degree of its deformation was not
achieved. When loaded along the fibers, the amplitude of the loading wave was not sufficient
to destroy the sample, so it is impossible to estimate the strength of the sequoia in this case.

Fig. 8 - Sequoia properties for different angles of specimen cutting out (LANL)
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In Figure 9 for three cut-out angles, static stress-strain curves are shown as well as dynamic
curves obtained at RIM-LSU and LANL. It can be seen that the results are in good agreement.
The undoubted merit of the results obtained at the RIM-LSU can be considered a high degree
of deformation achieved due to the use of a multi-cycle loading system.

Fig. 9 - Static and dynamic properties of sequoia
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Two independent strain gauges on the lateral surface of the confining jacket made it possible
to estimate the nonuniformity of the radial expansion of the specimen: in one plane, the jacket
lengthens, while in the other one it is shortening. Accordingly, in a sample, the components σ2
and σ3 of the radial stress may have different polarity (Figure10).

Fig. 10 - Anisotropy of sequoia properties under conditions of uniaxial deformation

-724-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

These data should be used in a complex wood model, taking into account the different nature
of the material's behavior, not only in compression and tension, but also with regard to the
orientation of the fibers relative to the loading direction.
It was found that lateral confinement strongly influences the stress-strain behavior of the
sequoia by suppressing cracks along the grain and thereby slowing down the fracture. A
quantitative assessment of the dynamic properties of wood will be used to equip wood models
that take into account its anisotropic properties. Such models are necessary for engineering
numerical simulation and optimization of protective structures using wood as a damping
material.
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ABSTRACT
The analyses described in this article relate to the impact strength investigations of block
bonded joints, dealing with one of its aspects. The authors attempted at estimating the actual
deformation energy during the destruction of block samples in impact strength tests. The
numerical calculations were completed with experimental testing of the examined cases. The
experimental studies were conducted by means of the pendulum hammer, used to examine
adhesive joints. During such testing, the energy used to tear off the upper part of the sample,
that is the energy lost by the dropping device, is the measure of the impact load strength of a
bonded connection. The sample elements were made with steel S235. In order to bond the
samples, we used Epidian 57 epoxide resin with Z1 hardener. The results of numerical
calculations indicate that the elastic energy of deforming the adhesive joint, the elements of
the sample and of the impactor constitute merely a tiny part of the energy lost by the
pendulum at the time of the destruction of the sample in experimental testing.
Keywords: adhesive joint, impact loading, pendulum hammer, numerical calculations.
INTRODUCTION
In numerous cases, adhesive bonds replace or complement traditional mechanical bonds.
While the static investigations of adhesive bonds are quite common, having been conducted
for a number of years, the issue of impact strength of adhesive joints seems to be a more
difficult and less frequent issue undertaken by researchers (Adams, 1996). The investigation
of impact strength in adhesive joints, although standardized, was largely conducted by means
of original methodologies developed for the needs of their inventors (Belingardi, 2005).
Among the research methods described in the available literature (studies on low speeds), it is
possible to distinguish three most commonly used methods:
• Block Shear Test (BST) (Asgharifar, 2014),
• Impact Wedge Peel Test IWPT) (ISO 11343, 2003),
• the method of impact shear of lap samples loaded in tension (Harris, 1995;
Karachalios, 2013; Casas-Rodriguez, 2007; Casas-Rodriguez, 2008).
A major concern with regard to testing impact strength of adhesive joints is the inability to
compare the results obtained with different research methods, which in turn results in using
the findings exclusively for particular cases they are dedicated for. This results from an
insufficient assessment of test results as well as from the lack of strict mathematical
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dependencies which could enable an analytical determination of impact strength of adhesive
joints, basing on experimental research.
One of the relevant problems is also the fact that impact strength of the adhesive joint,
determined experimentally in the research, utilizing sample blocks, is too high since part of
the energy is converted into elastic energy of the system, which is the examined sample and
the impactor. The estimation of elastic energy of the adhesive joint itself is shown in article
(Adams, 1996), assuming that on the basis of the elastic deformations of the adhesive,
calculated by FEM, it is possible to calculate the work performed in connection with these
deformations. It is equal to the elastic deformation energy which, assuming no other losses, is
the energy lost on the destruction of the sample in the test. The authors calculated the value of
deformation energy for the assumed load and then increased the load twenty times. The
calculated increase in elastic energy accounted for only 10% of the total energy of the purely
elastic case, despite exceeding the yield limit in the greater part of the adhesive joint. In the
conclusions (Adams, 1996), it was found that the total absorbed energy is dependent on the
elastic deformation of steel elements and is not the value of the energy absorbed by the
adhesive, assuming that after the initiation of cracks, further energy is not required to damage
the sample. The presented article estimates the elastic energy of the entire system: sampleimpactor as well as the energy of joint rupture.
METHODOLOGY OF EXPERIMENTAL RESEARCH
In order to obtain comparative data for the numerical computations, the authors conducted
experimental investigations, where a series of block samples of carbon steel S235 [Figure 1]
was made. Each series included 10 samples.

Fig. 1 - Sample used in the impact load test

In order to bond the samples, the authors used Epidian 57 epoxide resin with Z1 hardener,
with mix ratio 10:1.
Prior to bonding, the metal parts were cleaned up; their surface was given proper structure and
roughness through abrasive blasting, with copper slag as an abrasive medium. Next the
surfaces of the samples were washed with petroleum ether. The prepared elements were
bonded as soon as possible to avoid accidental soiling of the bonded surfaces or falling of
dust, oxides or moisture. While fixing the items for bonding, particular attention was paid to
proper positioning of the elements against each other, since even slight irregularities in the
geometry of the samples lead to significant changes in the obtained findings (Komorek,
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2017). The bonded samples were placed on a base plate and clamped down at a pressure of 40
kPa for the time of curing, which equalled 7 days at ambient temperature (21°C).
After curing the joints, the authors made an assessment of the quality of the obtained
connections and removed the glue excess, which may result in increased joint strength (in
practice they are not removed if this is not necessary).
The investigation was conducted on a special machine designed for testing block adhesive
joints. The maximum energy of the pendulum used in the investigation equalled 15 J, whereas
the speed in the lowest position was equal to 2.96 m/s. The investigation was conducted by
applying impact load in accordance with the scheme shown in Figure 2.

Fig. 2 - Scheme of applying load to the sample (Komorek, 2016)

During the investigation, the authors paid particular attention to maintaining a constant
distance between the impactor and the adhesive joint, due to a significant impact of this
parameter upon the obtained results (Komorek, 2017). In the tests the authors obtained
average impact strength equal to 16.80±3.90 kJ/m2. It should also be noted that despite the
fact that the samples were made with low yield strength steel (S235), they did not show any
visible plastic deformation.
NUMERICAL CALCULATIONS
The numerical calculations were conducted in order to estimate the deformation energy while
examining the impact strength of block samples. The calculations were carried out in the
programme Ansys, using the Static Structural and Explicit Dynamics modules. The authors
built simple numerical models of the sample, which were divided into 8-node hexahedral
finite elements, dedicated for dynamic computations (impact strength). In the modelling, the
contact connection bonded-type - Solid to Solid was used. The adhesive was modelled as an
elastic material with Young’s modulus of E = 2 GPa or elasto plastic (bilinear) one with
Young’s modulus of 2 GPa, yield limit of 42 MPa and strengthening modulus of 965 MPa. In
the Ansys software, the calculation of deformation energy was possible only in static
computations. The authors modelled a sample block (Figure 1), 1 mm wide (Figure 3), by
making a simplifying assumption that stresses along the sample width are constant.
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Fig. 3 - Model of a block sample used in the calculation of deformation energy

The model, which is a slice of the actual sample, was impact loaded with a force
corresponding to 5,000 N of the real sample. Figure 4 shows the results of calculating of the
distribution of deformation energy in the model of the adhesive joint.

Fig. 4 - Map of deformation energy in the joint of a block sample under a load of 5,000 N

When adding up the deformation energies in particular joint elements and taking into
consideration the actual dimensions, it was possible to estimate the total energy of the joint
deformation as 10.13 mJ. Similarly, the authors estimated the energy of the cap as 5.06 mJ, of
the impactor as 22 mJ and of the bottom element of the sample as 19.2 mJ. The deformation
energy of the joint constituted approximately 18% of the deformation energy of the analyzed
elements. For the adopted load, the value of maximum principal stresses in the joint was 62.5
MPa (Figure 5), which was considered too small a value to damage the joint made with the
adhesive Epidian 57/Z1.

Fig. 5 - Stress distribution of maximum principal stresses in the joint of a block sample under a load 5,000 N
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In order to estimate the load values, which should lead to exceeding the destructive stresses
which damage the adhesive (approximately 81.5 MPa), a dynamic calculation was made. The
authors built a model with the dimensions of the actual sample block, tested experimentally.
The impactor was modelled as a rectangular prism consisting of two parts - one piece sized
6x25x3 mm, where the piece striking directly into the cap had the modulus of elasticity of
steel (200 GPa), whereas the other one was higher by one order of magnitude (2,000 GPa), so
as to reflect stiffness of the real impactor.
In the experimental studies, the authors determined the impact strength of block samples
bonded with Epidian 57/Z1 adhesive, equal to 16.8 kJ/m2, which after considering the joint
dimensions of 10x25 mm, proves that the energy of destruction was 4.2 J. The authors also
performed dynamic calculations by loading a sample with such energy (while maintaining the
load speed of 2,960 m/s and appropriately adjusting the impactor’s mass by dedicating
appropriate density). For the computational time, at which the maximum principal stresses in
the adhesive joint reached the value close to the strength of the adhesive (81.5 MPa), the
authors determined the distribution of the normal stresses occurring on the loaded surface of
the cap (Figure 6). This allowed calculating the force acting on the cap F = 9,581 N.

Fig. 6 - Distribution of normal stress in the impact loaded surface of the cap

For such an impact loading force, in the static calculations it was possible to determine the
deformation energy of the adhesive with linear-elastic modelling: 33.7 mJ (Figure 7), the cap:
17.8 mJ (Figure 8), the impactor: 59 mJ (Figure 9) and the bottom element: 60 mJ (Figure 10)
and also for the model of bilinear adhesive, respectively: 57.4 mJ, 17.5 mJ, 60.2 mJ and 54.6
mJ.
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Fig. 7 - Map of deformation energy of the adhesive joint under the load of 9,581 N

Fig. 8 - Map of deformation energy of the cap under the load of 9,581 N

Fig. 9 - Map of deformation energy of the impactor under the load of 9,581 N

Fig. 10 - Map of deformation energy of the base under the load of 9,581 N
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The total energy of deformation of the analyzed components of the test system equalled
approximately 170 mJ for the linear model of the adhesive, which constitutes around 4%, and
for the non-linear model, approximately 190 mJ, which constitutes approximately 4.5%.
If we assume that the speed of the torn cap is equal to the speed of the impactor at the moment
of impact, then while estimating the overall mass together with the adhesive for 0.006 kg, the
kinetic energy of the torn off piece does not exceed:
0,006 × 2,96
≅ 0,026
2
The value of the critical rate of releasing the deformation energy of the Epidian 57/Z1 glue
(toughness) experimentally in an attempt of tearing a tape with low elasticity off the rotating
drum equals approximately Gc = 2,50 J/m2 (Figure 11).
=

Fig. 11 - The results of the tests of tearing a low stiffness tape, 20 mm wide, off the
rotating drum (Epidian 57/Z1 adhesive)

Therefore, the energy of destruction of the joint, sized 10x25 mm, has a value of:
 ≅ 2250 × 0,01 × 0,025 = 0,5625
The sum of the calculated deformation energy of the sample elements and the impactor, the
kinetic energy of the torn cap and the destruction energy, in total equals:
 ≅ 0,195 + 0,026 + 0,5625 = 0,7835
which constitutes merely approximately 18.7%, recorded in the experimental studies.
CONCLUSIONS
•

The results of the numerical analyses related to the experimental results indicate that only
a small portion of the recorded energy of the destruction of block samples is related to
their deformation energy.
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•

In order to estimate the actual energy of destroying the adhesive joint, it is necessary to
conduct further calculations which take into account the elastic deformation energy of the
remaining elements of the pendulum and the test device.

•

In the course of conducting the research into adhesive bonds, where the bonded elements
were made of steel, the authors did not observe any plastic deformations of the impacted
element. If such damage occurs, it is essential to include it in the calculations.
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ABSTRACT
Foam-filled thin-walled tubes are widely used as energy absorbers. It is observed that the
folding mode of the progressive collapse transits from non-axisymmetric (diamond) mode to
axisymmetric (concertina) mode after foam-filling. In this paper, we aim to investigate this
phenomenon through analytical modelling based on the kinematically admissible folding
mechanisms. For the foam-filled tubes, the interaction between the foam and the outer shell is
represented as a pressure applied on the inward bending proportion of the shell. Both the
mean and instantaneous crushing forces are derived from the energy conservation viewpoint.
Our upper-bound model predicts that for the empty tube the diamond folding mode is energy
favourable, while for the foam-filled case the concertina folding mode is the energy
favourable mode.
Keywords: foam-filled, kinematically admissible, folding mode, concertina, diamond.
INTRODUCTION
Cellular materials such as aluminum foams possess excellent energy absorption properties as
they are lightweight and can undergo large deformation at nearly constant load. However,
their relative low strengths limit their potential to be used alone. Usually, they are used as
fillers in thin-walled structures for energy absorption application. As reported in the literature,
the effect of foam-filling on the enhancement of energy absorption depends on a number of
parameters such as the foam density and the shell thickness. For this reason, substantial
efforts have been devoted to investigating the crush behaviour of foam-filled thin-walled
structures. This includes the extensive experimental work contributed by Hanssen et al.
(2000), Meguid et al. (2004), extensive numerical efforts using finite element method
(Ahmad and Thambiratnam, 2009), mesh free methods (Yang et al., 2013), and various
optimization schemes. Several analytical models were also developed to calculate the mean
crushing force as well as the instantaneous crushing force of both the empty and foam-filled
tubes (Meguid et al., 2015).
It has been found that the progressive collapse takes on different folding modes between the
empty and foam-filled tubes. For the empty case, the tubes usually deform is nonaxisymmetric modes, which is referred to as diamond. The local buckles take place as several
lobes around the tube circumference. The number of lobes depends on the ratio of thickness to
radius. While for the foam-filled case, the axisymmetric folding mode which is referred to as
concertina is more commonly observed. Although it is unanimously accepted that the
transition of the folding mode is attributed to the effect of foam-filling, theoretical models for
quantitative explanation of the underlying mechanisms are still lack.
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METHODOLOGY
In this paper, we intend to investigate the transition of the folding mode of the thin-walled tubes
after foam-filling through an analytical model based on the kinematically admissible
mechanisms. The derivations of the model start from the basic principle of energy
conservation, i.e., the input work equals to the energy dissipation W during the progressive
deformation. The dissipated energy consists of three parts: (i) work dissipated in the plastic
deformation of the tube shell, (ii) work dissipated in crushing the foam itself, and (iii) for the
foam-filled case only, the work dissipated due to the interaction between the foam and tube
shell. The foam/shell interaction is represented by an internal pressure equal to the yield
strength of the foam acting on the inward portion of the fold. For the concertina folding mode,
the energy absorption contributed by the tube shell is composed of the part dissipated in
bending the horizontal hinge lines in the shell, and the part dissipated in circumferential
straining of the materials between horizontal hinge lines. While for the diamond folding
mode, the energy absorption contributed by the tube shell is caused by the bending of three
kinds of hinges, i.e., (i) the stationary horizontal hinges, (ii) the inclined hinges, and (iii) the
traveling hinges. The crushing force is obtained by deriving the dissipated energy with respect
to the crushing distance.
Based on the above analytical model, we can theoretically derive the crushing forces for both the
empty and foam-filled tubes deformed in different folding modes. According to the upper bound
theorem, the selected folding scenario should correspond to minimum mean crushing force.
We can show that the diamond mode and the concertina mode are the energy favorable mode
for the empty and foam-filled tubes, respectively. In this way, the transition from the folding
mode of the thin-walled tubes after foam-filling can be explained.
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ABSTRACT
New optimization strategies are developed at the German Aerospace Center (DLR) as part of
the Next Generation Car META-project. Within this project novel vehicle concepts are being
investigated as the Urban Modular Vehicle (UMV). 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
new optimisation strategies for this highly modular vehicle concept. Therefore, new strategies
were developed which allows the identification of the right material and the required
geometry for the main crash related components.
Keywords: crashworthiness, safety, optimization, 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, Figure 1, 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 at the sides 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 vehicle.

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, Figure 2. 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,
optimisation strategies are presented which allow the identification of the right material and
the required geometry for these important crash-related components.
Process chain for optimization

Verification of the crash behaviour

Fig. 2 - Applied process chain for optimization and verification of the crash behaviour

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
In this paper principles of application of complex experimental-theoretical approach are set
forth which are used for solving tasks of engineering and validation of the strength of nuclear
plant equipment while under dynamic stress. To develop an optimal design of elements and
units of the equipment it is important to apply calculation methods which are based on the
scheme of integrated time equations. The construction of behavioral models of material
deformation and strength criteria as well as verification of the relations obtained is carried out
on the basis of comprehensive experimental research. A number of examples are presented to
demonstrate computational methods which prove efficiency of a few types of damping
devices used in construction of nuclear power plants.
Keywords: experimental and computational analysis, deformation rate, shock loading.
INTRODUCTION
It is a pressing problem to ensure the strength and structural integrity of the equipment of
nuclear power plants taking into account that there are dynamic effects of high intensity
(Bazhenov, 2004; 2015). One of the ways to reduce dynamic loads on the equipment is an
installation of damping devices (Kibets, 1997; Ryabov, 2000). In this connection this article is
prepared to substantiate the use of computational methods to evaluate the efficiency of
damping devices during designing of the equipment of nuclear power plants in the conditions
of shock loading.
There are the following mechanical processes which are used as a rule for structural damping:
impact energy absorption by inelastic resistance (significant plastic deformation) of the
deformed construction element material, and impact energy absorption by the friction work in
joints of elements. It is computational modeling which is used to develop damping device
design. In modern software packages (ANSYS, LS-DYNA) there is full-scale mathematical
3D modeling that enables to make a deep and detailed analysis of dynamic processes.
Computational and experimental research methods are used to construct and test
mathematical models from LS-DYNA library (Jonson-Cook models, Allen, Rule & Jones
model, Cowper-Symonds model), which describe the behavior of materials under shock
loading.
RESULTS AND CONCLUSIONS
A few examples are given to show computational methods which prove efficiency of a few
types of damping devices used in construction of nuclear power plants. Comparative analysis
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is carried out using calculation results obtained with ANSYS/LS-DYNA PC and results of
available experimental data. A conclusion is drawn that computational methods can prove the
efficiency of damping devices only in case that there is true data of damping characteristics
which can be obtained as a result of experimental study of model constructions (Figure 1).

Fig. 1 - Comparison of residual form of damper obtained as a result of experimental test (left)
and as a result of calculation (right)

It is shown that installation of damping devices is an effective means to reduce dynamic loads
on the equipment of nuclear power plants and it allows localizing the zone of dynamic impact.
If there is a set of necessary conditions then the usage of computational methods to evaluate
efficiency of damping devices at a design stage allows avoiding expensive full-scale tests and
helps to increase competitiveness of products due to lowering their prime cost.
ACKNOWLEDGMENTS
The authors gratefully acknowledge the funding by the Ministry of Education and Science of
the Russian Federation No 9.6109.2017/6.7 and by the Federal Targeted Programme for
Research and Development in Priority Areas of Development of the Russian Scientific and
Technological Complex for 2014-2020 under the contract No. 14.578.21.0246 (unique
identifier RFMEFI57817X0246).
REFERENCES
[1] Bazhenov V.G., Kibets А.I., Kibets Yu.I., Laptev P.V., Ryabov А.А., Romanov V.I.,
Sotskov G.I. Finite element analysis of high-speed impact on the barrier of the transport
packaging. J Machinery Manufacture and Reliability, 2004, 2; pp. 118-125.
[2] Bazhenov V.G., Kaidalov V.B., Kibets А.I., Lapshin D.А., Frolova I.А. Finite element
task solution of deformation of in-object transport containers of BN type reactors in case of
emergency fall. Problems of strength and plasticity, 2015, 77(3); pp. 266-273.
[3] Kibets А.I., Kibets Yu.I, Matveev V.Z. Computational modeling of the dynamic
deformation of a container in case of an accidental drop of a plate on it. Applied problems of
strength and plasticity. Computational modeling of physical-mechanical processes.
Mezhvuz.sb Moscow. Publishing House KMK, 1997; pp. 77-83.
[4] Ryabov А.А., Romanov V.I., Sotskov G.I., Skurikhin S.G., Barchenkov A.I., Morenko
A.I. Computational modeling of the damping system behavior of the shielding container
during its falls. Bull Lobachevsky University of Nizhny Novgorod. Series: Mechanics. 2000,
2; pp. 98-102.

-740-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7256

MECHANICAL STUDY OF ADDITIVE MANUFACTURED
HONEYCOMB STRUCTURES
Piotr Dziewit(*), Paweł Płatek, Jacek Janiszewski
Institute of Armament Technology, Military University of Technology, Warsaw, Poland
(*)
Email: piotr.dziewit@wat.edu.pl

ABSTRACT
The aim of this paper is to present the comparison of the behaviour of additive manufactured
honeycomb structures with different geometrical features under quasi-static loading
conditions. The regular hexagonal topology is described by two different parameters - wall
thickness (t) and radius of a circle inscribed in a elementary cell (r) - which has on the relative
density of the entire structure. The experiments were carried out on samples manufactured
from ABSplus filament using Fused Deposition Modelling (FDM) technique of 3D printing.
The geometrical models of tested topologies were calculated on the basis of MS Excel and
designed in the CAD system.
Keywords: honeycomb, energy absorption, geometrical optimization, FDM.
INTRODUCTION
The compressive behaviour of cellular materials is significant issue due to their dynamically
developing usage in energy absorption and load attenuation applications for transportation,
aerospace, defence, etc. The cellular materials force-deformation response is highly affected
by the base material properties, the cell size, wall thickness and the relative density of the
cellular material as well as its topology (Yongle Suna, 2018). In this paper, authors present
selected results of investigations carried out on honeycomb topology with different
dimensions of elementary cell. The energy absorption curves were obtained based on the uniaxial compression tests conducted under quasi-static loading. For the purpose of the study
samples of the honeycomb structure were designed to have at least 16 unit cells and following
dimensions: 40 mm in width, 40 mm in height, and a thickness of 10 mm. The cuboidal
samples of structures were developed with SolidWorks CAD system and then manufactured
using FDM method from ABSplus material. Tests were carried out using 3 specimens of each
topology.
RESULTS AND CONCLUSIONS
The 3D printed geometrical features are presented in Tables 1 and 2. The energy absorption
curves were obtained through the analysis of compressive strength tests, Figure 1.
Table 1 - Relative density as a function of wall thickness (r = 3,30mm)
Relative
density

Wall
thickness [mm]

0,25
0,30
0,35

0,8
1,0
1,25

Number of cells
vertically
horizontally
5
5
5
5
5
5
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Topology dimensions
Height [mm]
Width [mm]
37,8
35,1
39,0
36,3
40,5
37,7
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Table 2 - Relative density as a function of wall thickness (t = 1,0mm)
Relative
density

Cell
radius [mm]

0,25
0,30
0,35

4,20
3,30
2,52

Number of cells
vertically
horizontally
4
5
5
5
6
7

Topology dimensions
Height [mm]
Width [mm]
38,6
44,6
39,0
36,3
37,2
39,5

Fig. 1 - Energy absorption curves determined for different geometrical
features of honeycomb structure

Based on obtained results of conducted studies it was noticed that geometrical features of
structure topology have a great influence on cellular structures deformation process.
Furthermore, it can be assume, that crashworthiness properties of structures depend not only
on relative density but also on adopted geometrical features like wall thickness and unit-cell
size.
In further work authors plan to extend the range of experiments to broader spectrum of
geometrical features of tested topologies, as well as to investigate the dynamic compression
response of examine structures using the direct impact technique.
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ABSTRACT
Whiplash is the most common injury resulting from motor vehicle collisions. In this work, an
analytical multibody dynamics model was developed to study the head-neck response of
motor vehicle occupants during rear impacts. The head and the cervical spine were modeled
as rigid bodies connected through 1 degree of freedom viscoelastic rotational joints to
simulate the motion of each intervertebral level. Due to the nonlinear viscoelastic behavior of
the soft tissues of the neck, the stiffness of each cervical intervertebral joint was calculated as
a function of the joint’s angle of rotation relative to its adjacent rigid body. The equations of
motion of the rigid links model were derived using Lagrange’s principle, where the kinetic
energy term accounted for both linear and rotational components, and the damping was
addressed through Rayleigh dissipation function. This results in a system of 8 second-order
differential equations permitting motion with 8 degrees of freedom. The input to the system is
in the form of an acceleration profile applied at the T1 vertebra to simulate a rear impact.
Keywords: Whiplash, strategies, car safety, multibody dynamics, analytical modelling.
INTRODUCTION
According to the World Health Organization, road traffic crashes is the top cause of death
worldwide for people aged 15-29 [1]. Besides death, motor vehicle crashes may result in
disabilities and/or chronic injuries. In rear impacts, the neck is the most frequent site of injury,
with more than 80% of injuries suffered in rear impacts being cervical whiplash. Although
there have been great efforts in enhancing motor vehicle safety in the previous decades, the
high number of injuries/fatalities indicates that there is still room for further improvements. In
order to provide better protection for motor vehicle occupants, it is crucial to study the
occupant’s response during crashes. Three main approaches are utilized to evaluate how the
occupant responds in various impact scenarios. The first is conducting experimental studies
on volunteers, post mortem human surrogates (PMHS) or anthropomorphic test dummies
(ATDs) such as the BioRid II. The second approach to study the human response is through
the use of multibody dynamics. In these models, the bones were modeled as rigid bodies
connected through different types of joints, and the soft tissues were modeled as viscoelastic
elements. These multibody dynamics models studied the occupant’s response to different
crash scenarios. Many models focused on the head/neck region while some other efforts
modeled the entire human body. Finally, the finite element (FE) method has been extensively
utilized to produce biofidelic models of the human body to be used under different types of
loading for both male and female occupants, such as the Global Human Body Model
Consortium (GHBMC) and Virtual Vehicle Safety Assessment (ViVA) models. In the current
work, we are concerned with developing and validating an analytical multibody dynamics
model that can capture the head kinematics during rear impacts.
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SAMPLE RESULTS AND CONCLUSIONS
The head and the neck were modeled as rigid bodies
connected using viscoelastic 1-degree of freedom (DOF)
revolute joints allowing rotation in the sagittal plane as
shown in Figure 1. This system can be analyzed using
Lagrange’s principle as given by:
' *
*
*
)
+,
+
= 
'( * 
* * 

(1)

where  is the Lagrangian given by L = T - V,   is the
generalized velocities,  is the generalized coordinates, 
is the generalized forces and  is the Rayleigh dissipation
function given by:
(2)

3

where  is the joint damping coefficient and  is the
absolute angular velocity. The kinetic energy of the system
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where # is the relative angle of rotation between two
adjacent bodies and $ %#& is the variable joint stiffness
given by:
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where  is the mass moment of inertia of the body,  is the
mass of the body,   and ! are the horizontal and vertical
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Fig. 1 - Illustration of the multibody
dynamics model
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Fig. 2 - Head displacement with
respect to T1 vertebra: (a) horizontal
and (b) vertical.

where A and B are constants determined for each intervertebral level. To simulate a rear impact, an
acceleration profile is applied to the T1 vertebra. Figure 2 shows the resulting head displacement of
the model compared to cadaver response for the same impact. The model response agrees with that
of the cadaver. Our results indicate that the peak head displacements (maximum neck extension)
occur during the first 100 ms after impact which is followed by the rebound phase. The
deviation between the model and cadaver may be attributed to the 1 DOF joints used and the
constant damping coefficients assigned to the joints.
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ABSTRACT
The most common injury suffered by the occupant in rear-end collision is whiplash which
may result in acute and/or chronic injuries. Injury severity is affected by factors such as
impact severity and occupant related factors such as gender. In this work, the effect of impact
severity of an accelerating vehicle on occupant’s response for both male and female during
rear-end collisions. Nonlinear dynamic finite element simulations were conducted of seated
50th percentile male and female occupants subject to four different accelerations: 1.5 g, 2.4 g,
3.6 g and 4.8 g resulting from rear end collisions. Our results reveal that head displacement
and rotation as well as the time of occurrence are greatly influenced by the impact
acceleration. The work also shows that the simulated female experiences greater levels of
linear and angular displacements when compared with the male counterpart leading to greater
strains in the female intervertebral discs. The outcomes of this study can be used to better
understand and identify injury mechanism during rear impacts in male and female occupants.
Keywords: whiplash, rear impact, nonlinear, finite element, occupant kinematics.
INTRODUCTION
Rear-end impacts represent approximately 24% of all multiple vehicles crashes in the United
States [1] with a significant number of these crashes resulting in whiplash injury. More than
800,000 whiplash injuries occur annually in the US costing over $9 billion [2] and this
number is increasing. Injury severity and duration depends on many factors like occupant’s
gender, posture, seat geometry, and collision severity. Studying occupant’s response is during
impact is essential for enhancing occupant protection. A number of studies have been
conducted to evaluate the human response during rear impacts. Experimental studies
considered volunteers, cadavers and anthropomorphic test dummies (ATDs). Multibody
dynamics is one of the numerical techniques used to simulate whiplash in which the body is
modelled using a number of rigid elements connected using revolute joints, elastic springs,
dampers, and/or viscoelastic elements. The stresses and strains in soft tissues are a key factor
in understanding whiplash injury, which multibody dynamics does not address. Therefore,
finite element method (FEM) has been considered to construct more detailed models of the
human body. Several FE models were developed to study the cervical spine under different
types of loading. In further efforts to develop full human body FE models, the Global Human
Body Model Consortium (GHBMC) developed a number of detailed FE models of the human
body for both male and female occupants and pedestrians, the Virtual Vehicle-safety
Assessment (ViVA) developed a FE model of the 50th percentile female occupant and the
PIPER project which developed a scalable FE model of a child occupant. In this study, two
full human body finite element models of male and female occupants are used to compute the
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effect of the impact severity on the occupant’s response and the loads to which the neck is
subjected during rear-end collisions.
SAMPLE RESULTS AND CONCLUSIONS

Fig. 1 - The male and female finite element
models seated.
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The GHBMC 50th percentile male and the ViVA 50th
percentile male FE models were seated on a car seat,
as shown in Figure 1. The GHBMC model consists of
988 parts discretized using 2.18 million elements
while the female model consists of 620 parts
discretized using ~318,000 elements including solid,
shell, beam and discrete elements. Since the FE
models have different masses, the seat frame was
assumed to be rigid to prevent the effect of seat
deformation on occupant response. The seat cushion
material was assumed to be made of polyurethane
foam which was modelled using low density foam
material model. To simulate a rear-impact, a
velocity profile was applied horizontally (+X
direction) to the lower part of the seat frame denoted
by line A in Figure 1, while constraining its motion
in the vertical (Z axis) and lateral (Y axis)
directions. The nonlinear dynamic analysis was
conducted using the explicit solver of LS-DYNA.
For the same collision acceleration, the female
occupant shows a more severe response resulting in
larger head displacement and rotation, especially for
lower accelerations (1.5 g and 2.4 g). Our results
indicate that impact accelerations not only affect the
resulting head displacements, rotations and forces to
which the neck is subjected during collision, but also
the time at which peak displacements and forces
occur. The work further reveals that the female
response is more sensitive to the change in seat
acceleration. Furthermore, the strain in the IVDs is
higher in females compared to males for the same
seat acceleration as shown in Figure 2.
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Fig. 2 - The head displacement relative to T1
vertebra of the male and the female FE
models: (a) horizontal and (b) vertical.
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ABSTRACT
This work presents a procedure of calculating, with exact equations, the cutting times and the
passive times for turning and boring process. Cylindrical, conical, semi-spherical and facial
workpieces geometry were considered. Such geometries are typical almost all parts to be cut.
The knowledge of cutting times is a fundamental issue, since with them it is possible to know
tool lives cutting edges and establish deadlines and costs searching for more market
competitiveness.
Keywords: cutting time, turning, competitiveness.
INTRODUCTION
One of the factors most frequently investigated in machining is related to the cutting edge tool
life. However, it is very common that cycle time being considered as if it were cutting edge
tool life time. So, a cutting edge may be being changed prematurely. The literature shows a
series of researchers that deal with the subject related to the objectives of this work. Using
CAD / CAM features, Andrade, (2001) presented a solution for cutting time determination by
calculating the cutting path of the tool. Also, d’Donna (2013) developed a procedure to
determining the shortest production time using genetic algorithms. It was presented by Bouzid
(2005) a method to calculate the ideal cutting conditions with criterion based on maximum
rate of production. For measurement but not calculation of cutting time, Souza et al. (2012)
performed a work that used computational vision. In this work was recorded the evolution of
a turning process. A computer program was provided to treat the video and convert the
images into cutting and passive times. This work presents a procedure to calculating, applying
exact equations, Coppini (2015), the cutting times and the passive times for turning and
boring process. To make it easier to solve the equations, a spreadsheet was proposed.
RESULTS AND CONCLUSIONS
EXCEL spreadsheets were prepared to cutting and passive time calculation. A stepped
cylinder supposed workpiece example is showed in Figure 1. The user should start by the
following: (1) Select an option among the existing three in the Figure 1 left side; it was
suggested to calculate the cutting time for constant cutting speed; soon the corresponding
button is pressed, a spreadsheet of step (2) will open; pressing the cylinder button, spreadsheet
in (3) will open and the user should selected and digitalize the parts geometries profile
following the sequence cutting tool movement. The user can go forward and come back
pressing the corresponding buttons. After all part stretches are calculated, the total time is
displayed in the worksheet (1).
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Cutting and Passive Time Calculator
Cutting Time
Constant Cutting Speed

Total Cutting Time [min]
Cutting Time
Constant Spindle Rotation

0,28

Total Passive Time [min]
Passive Time
0

(1)
Constant Cutting Speed Scenario
Select the parts geometries profile following the sequency cutting tool moviment
2πrl f
Cilinder

1000 fvc

Cone

 ( r2 − r1 ) l 2f

2π
+ r1 l f 
1 + ( r2 − r1 ) 2 
1000 f v c
2



Face

π l f ( r2 + r1 )
1000 f v c

Esphere

2π l f
1000 f v c

R

Come
ResetBack

(2)
Cilinder Data Imput

Come Back
Reset

Cutting Speed [m/min]
Feed Rate [mm/volta]
Radius [mm]
Lenght of Cut [mm]

150
0,5
25
100

0,21

Cutting Speed [m/min]
Feed Rate [mm/volta]
Radius [mm]
Lenght of Cut [mm]

150
0,5
30
30

0,08

0,28492
Mor
Data Imput

(3)

Fig. 1 - An example showing how to use the proposed spreadsheet.

It was possible to conclude that the proposed and developed EXCEL spreadsheet leads the
users, a process planner for instance, to calculate and apply the results in their own work
environment and not needing to be close to the turning machine tool at the company's plant.
Future improvements will be providing to any kind of machine tool and cutting process.
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ABSTRACT
This paper presents a case study and a model for condition monitoring of Diesel engines’ oil
of urban buses, through the accompaniment of the evolution of its degradation, with the
objective to implement a predictive maintenance policy.
Along time, because the usage, there is some decay in the lubricant properties. However, in
normal functioning conditions, the lubricants properties, at the time the manufacturers
recommend its changing, usually, are within the safety limits. Then, based on the
accompaniment of the lubricants’ oil condition, the intervals of oil replacement can be
enlarged what implies the availability increasing of the equipment.
The model presented in this paper shows its potential to be spread to other types of equipment
and organisations that want to implement similar maintenance policies, to achieve the best
availability based on the real equipment functioning conditions.
Keywords: condition monitoring, predictive maintenance, oil analysis, urban buses.
INTRODUCTION
Public transport, in general, and the city bus passenger transport, in particular, represents an
important alternative to the use of individual transport. For this reason, it is essential to focus
on the quality of service provided by the public transport network in order to make them
attractive for its users.
Under the current context, where the users of public transport are increasingly demanding
about the quality of services, the maintenance stands out as a competitiveness key factor.
This paper presents an approach to the analysis of lubricating oils for Diesel engines,
validated on some models of urban buses, as is described along the paper.
The condition monitoring maintenance appeared in the 70-80’s to designating a new approach
to planned maintenance based on the knowledge of the state of equipment, using condition
monitoring techniques, [1].
Condition monitoring maintenance is the maintenance carried out by means of an evaluation
of the equipment state, usually carried out continuously, [2].
According to Pinto [3], the implementation of a condition monitoring system requires
investment in equipment, specialized human resources and specific know-how. These systems
are supported by computer tools that enable, in an efficient way, the analysis, study, recording
and control of the data obtained, and also the establishment of some fault trend curves.
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In condition monitoring, a common practice is based on recording the equipment condition,
reading data in regular intervals and, since a reading is higher than a pre-set critical level, the
equipment monitored is declared faulty and a maintenance intervention is triggered. However,
surprisingly, both in practice and theory, little attention has been paid to whether or not the
critical level and the monitoring interval are set in a cost effective way, [4].
Maintenance, in general, and the condition monitoring, in particular, aim to combine the
increase of reliability with the lower costs possible, these being direct or indirect. In this type
of maintenance, the ecological variables may overlap with the remaining ones. However,
conventional indicators are not always fully compatible with environmental indicators, [5].
According to Ferreira [6], to increase availability implies reducing the number of breakdowns,
repair and inspection times: It follows that it is not enough to have reliable equipment to
obtain high availability rates - it is also necessary to ensure maximum speed in repair,
maintenance and inspection operations.
According to Ahmad and Kamaruddin [7], the issue that most of the Condition Based
Maintenance (CBM) studies focused on is the deterioration modelling process. Although
deterioration modelling is one of the important processes in the CBM programme, the followup action toward maintenance decision-making is just very important.
RESULTS AND CONCLUSIONS
With this condition monitoring model several variables can be evaluated, that can help to
understand the evolution of the degradation’ state of the oils. The models exemplified here
were applied in three ways:
1) Individually, to all vehicles (all parameters);
2) Homogeneous groups of different vehicles (all parameters);
3) To the group of vehicles that use biodiesel as fuel (all parameters).
The exponential smoothing was applied to the iron content (Fe) variable for a bus number
XX3 to determine the evolution of its degradation. When this variable has high values, the
equipment is at a high risk level, and the oil must be changed. The second model applied to
monitor the degradation of the iron content was based on the t-student distribution: it
estimates the average of iron content (Fe) - the average content is 99,80 (ppm).
It is also possible to calculate more information such as the sample mean, the sample standard
deviation and the upper limit of the parameter to determine the confidence intervals. If the
value of 150 (ppm) is found in the iron content variable, with a 99% confidence interval, the
hypothesis H0 is not rejected. But, if the confidence level is 90%, H0 is rejected. The value of t
(2,35) cannot be greater than the value of the confidence interval (1,53).
If the value of t is used from the t-student table with 80% confidence interval (0,90) and a
sample mean of 99.80, a mean value for a population of 70,48 is obtained.
Because the oil itself and the enormous influence that it has in the Diesel engines condition,
the accompaniment of its degradation permits to maximize the bus availability itself and the
bus fleet in general.
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The paper demonstrates that using condition monitoring maintenance, the intervals of the
interventions can be increased and, consequently increased the bus fleet availability, reducing
the maintenance costs.
Table 1 shows the data about the company under study, such as the number of buses that
constitutes the fleet, their availability, the need of buses for production, the number of buses
under maintenance and the number of buses that correspond to the reserve fleet, based on a
systematic preventive maintenance policy.
Figure 1 (radar map) shows the Availability versus Production Requirement (buses necessary
to carry out the careers) of the company during a year.
Table 1 - Availability versus Need for buses: Systematic preventive maintenance
Months

Bus Fleet

Availability

Need

Maintenance

Reserve Fleet

January

115

107

90

18

7

February

115

104

90

21

4

March

115

105

90

19

6

April

115

106

90

18

7

May

115

107

90

18

7

June

115

106

90

19

6

July

115

102

90

22

3

August

115

103

90

22

3

September

115

106

90

19

6

October

115

107

90

18

7

November

115

109

90

16

9

December

115

106

90

18

7

Fig. 1 - Availability versus Need for buses: Systematic Preventive Maintenance
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ABSTRACT
The progressive and speedy evolution of the Corporate Social Responsibility (CSR) concept,
over the last few years, has provoked an afterthought of the same goals that companies are
called to follow, that is to support the traditional production function, which represents the
constitutive element of their being and operating, the principles of sustainability, in a
perspective able to increase the value to not only economic capital but also natural and human
capital. This paper aims to examine the adoption of systems, models and tools of CSR in the
Italian company ‘Antonio Petti SpA’ operates from 1925 in the sector of vegetable tinned, in
order to evaluate the contribution that CSR instrument adopted have offered to build
organization's sustainability.
Keywords: CSR, management, quality, sustainability.
INTRODUCTION
The progressive extension of ‘social responsibility’ to the business world is defining a
challenging role for the business community, from which a rethinking of the same goals that
businesses are called to pursue. In fact, alongside the traditional production function, which
still represents the constitutive element of their being and operates, they are asked to drive to
sustainability, in the context of enhancing economic, human and natural. According to this
extension, social responsibility and sustainability are increasingly closely linked to both
positive and normative assessment (Proto and Supino, 2009).
Similarly, stakeholders are now more involved in taking the behaviors in line with the
principles of sustainability and, above all, acquiring propositional and coherent attitudes in
relevant processes for the purpose of concrete social innovation. Due to the central role of the
stakeholders, a reinterpretation of Social Responsibility is being drawn up, from Corporate
Social Responsibility to Company Stakeholder Responsibility, through an approach that
favours sustainability as a correct, fair and transparent form of value creation for all
heterogeneous types of stakeholders.
It has emerged, therefore, the need to improve information flows on performance and socioenvironmental organization, in the awareness that the traditional accounting documents of an
economic nature have significant limits in accounting for the multiplicity of intangible assets
such as reputation, trust, and consensus. In fact, although they make a significant contribution
to the process of creating wealth generated by the company, they do not find adequate
accounting in their operating budgets (Nigro and Petracca, 2016).
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The aim of this paper is the analysis of the evolutionary dynamics that characterized the
concept of Corporate Social Responsibility in order to scan the best practices and the main
elements of criticality that derive from a strategic drive towards improving your performance
in a holistic approach of a south Italy Organization: the A. Petty S.p.A.
RESULTS AND CONCLUSIONS
The paper highlights that currently there is still space to introduce best practices in a
systematic way and to adopt the correct CSR instruments in agri-food organizations.
Moreover, these must become an integrated part of the managerial strategies, in reference to
the internal and external dimension of companies.
In reference to the internal dimension, possible interventions principally regard management
of human resources (in terms of continuous education and formation, flexibility of working
hours, equal opportunities) and environmental management (in terms of energy saving, cogeneration, emission reductions, use of recycled materials).
In reference to the external dimension, the relationship with the main local communities,
commercial partners and suppliers are taken into consideration.
It is essential to support agri-food organizations in the acquisition of knowledge to valorize
social commitment. That is feasible through the creation of a stable, systematic and planned
connection between socio-environmental commitment and the search for visibility on what
has been created. The scarce attention of communication towards the outside often hides,
today, agri-food social commitment, characterizing them as ‘silent operators’ of CSR.
Moreover, for agri-food organizations to acquire competence and capacity in terms of CSR
they should promote forms of collaboration and exchanges of experience, perhaps with
companies which have already established significant knowledge and know-how in the field
of CSR.
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ABSTRACT
The aim of this work is to develop a maintenance policy that can integrate online monitoring
information of the automated ship-to-shore crane. This policy, described as dynamic, makes it
possible to develop a planning method adapted to the actual use of the crane. This dynamic
planning ensures an optimal use of this automated system which is mandatory for the
transhipment field.
Keywords: maintenance policy, dynamic planning, automated ship-to-shore crane,
transhipment.
INTRODUCTION
To ensure an optimal operation time of the automated ship-to-shore crane it is important to
develop a maintenance policy which can use the online monitoring information to adapt the
maintenance intervention. Indeed, the different sensors and automation in this crane allow
relevant information about the health state of the different crane components also the system
health state in general.
This work will have interested to exploit the CMMS (Computerized Maintenance
Management System) database and the online monitoring information to define a
maintenance interventions grouping methodology.
We will propose a policy adapted to the multi-component system structure, especially systems
with elementary structures consisting of non-repairable components.
1st hypothesis: For these systems, only changing defected components is allowed. We also
supposed that these replacements allow the component to return to its original state and
performance.
We will express mathematically this problem using the principal of MFOP (Maintenance Free
Operating Period) and the MFOPS (Maintenance Free Operating Period Survivability):

where:
Rsyst(t): the system’s reliability at the t instant (in our case the system is the crane).
tmfop: units of time corresponding to the length of the MFOP.
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After that, we will introduce a constrained optimization problem to make the right choice of
component replacement:

where:
X: a set of components to replace for a given solution
Jw: the maintenance decision criterion with  the decision criterion index studied
MFOP (X,t): the  of the system to  after the replacement
NC: the confidence level to reach on the next MFOP.
Then, we suggest developing a genetic algorithm to resolve the maintenance optimization
issue (exposed above).
Finally, we’ll evaluate the impact of this dynamic maintenance policy on the optimization of
the cost of the preventive maintenance and the increasing of the operational time of the Shipto-shore crane.
RESULTS AND CONCLUSIONS
The target of developing this dynamic preventive maintenance policy for this automated crane
is to reduce the cost of the maintenance by 20% and to enhance the operational availability of
this equipment.
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ABSTRACT
This paper presents the application of a safe design process within a concept study for
variable aero engine inlets. The safety assessment method Common Cause Analysis (CCA),
consisting of a Zonal Safety Analysis (ZSA), a Particular Risk Analysis (PRA) and a
Common Mode Analysis (CMA), is performed on variable inlet concepts. By the means of
the CCA individual failure modes and external events, which can lead to failure conditions,
are identified. Potential design adaptations to mitigate these failure conditions are presented.
Keywords: variable aero engine inlets, coupled design and safety process, safety and
reliability, safety assessment methods.
INTRODUCTION
The product development in the civil aviation industry is driven by the objective of achieving
improvements in efficiency, emissions and travel speed, while ensuring safety and reliability
(European Commission, 2011). The aero engine and its subsystems, e.g. the inlet, have an
influence on these objectives. The efficiency and the flight speed of an aircraft could be
increased by using variable aero engine inlets instead of rigid inlets (Baier, 2015). While
research studies concerning circular variable inlets with adjustable lip and duct geometry have
been performed, e.g. Kondor (2004) and Ozdemir (2015), there are none of them in service in
commercial aviation. A reason for this is a potential lack of safety and reliability, as
adjustability presents an additional function and thus increased complexity of the system.
Therefore, a safety assessment process accompanies the development process, previously
described in Kazula (2017), as a part of a feasibility study for variable inlet concepts. The
Aerospace Recommended Practices ARP 4754A (SAE Aerospace, 2010) and ARP 4761
(SAE Aerospace, 1996) introduce the safety assessment process and its methods. The
application of the methods Functional Hazard Assessment (FHA) and Fault Tree Analysis
(FTA) as well as subsequent design adaptations are performed in Kazula (2018).
The CCA is an additional iterative safety assessment method that is performed from early
stages of the development process on. A CCA comprises the:
•

ZSA to determine hazards by adjacent systems failure modes, maintenance and
installation errors,

•

PRA to identify external events (SAE Aerospace, 1996), and

•

CMA to verify independence of functions.
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The process, advantages and limitations of these methods are presented. Additionally, these
methods are applied to several concepts for variable inlets, which adjust the inlet geometry by
movement of rigid segments.
VARIABLE INLETS
Aero engine nacelle inlets have to supply the aero engine during each operating condition
with the desired quantity of air at a specific uniform flow velocity, while minimising losses
due to drag and flow separation. For reasons of safety, flow separations on the inside of the
inlet must be avoided under all conditions, as they can ultimately lead to engine surge
concatenated with a loss of thrust and reduced durability of the aero engine. Figure 1
illustrates the typical design of modern inlets, which are designed with a fixed trade-off
geometry concerning aerodynamic requirements.
On the one hand, the inlet should be highly efficient, e.g. minimising wave and spillage drag,
at high flight velocities above Mach 0.8 during cruise operation, what can be achieved by a
thin or sharp lip geometry combined with a small entry area A1 (Farokhi, 2014). On the other
hand, flow separations and potentially resulting hazardous events during take-off and climb
operation up to Mach 0.3 can be mitigated by utilising a round and thick inlet lip with a large
inlet area, however, this would cause higher drag and thus less efficiency at higher flight
velocities.
These limitations of conventional fixed inlets can be circumvented by using circular variable
inlets that adjust the optimal geometry at each flight condition. This way, efficiency and
maximum flight speed can be increased, while avoiding flow separations at take-off and
cruise. However, there are no applications of circular variable inlets in modern civil aviation
yet. One potential reason for this is that the adjustment of the inlet introduces an additional
function, which can entail further reliability and safety issues (SAE Aerospace, 2010).
Hence, variable nacelle inlets for Mach numbers up to 1.6 are investigated focussing on safety
and reliability in the context of an internal research project at the Chair of Aero Engine
Design at the Brandenburg University of Technology. Within the scope of that project, a
methodical safe design approach for variable inlet concepts up to TRL 3 is developed and
utilised to perform a feasibility study. The identified concepts can be divided into three
geometry adjusting mechanism groups: movement of rigid segments (see Figure 2),
deformation of elastic surface material and boundary layer control.
4
6

A0

1

3

A1

Ath

6
2
5

A2

1 - Intake lip
2 - Bleed air duct
3 - Bleed air
4 - Outer planking
5 - Diffuser wall with acoustic liners
6 - Structural components
A0 - Level of unperturbed air
A1 - Engine intake plane
Ath- Engine throat
A2 - Fan entry plane

Engine axis

Fig. 1 - Typical design of a rigid subsonic nacelle inlet
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Side view
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A1
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Ath

1 - Electric motor
2 - Gearbox
3 - Threaded spindle
4 - Inlet segment
5 - Inlet lip
6 - Flexible seal
7 - Static cowl
8 - Anterior segment
9 - Posterior segment

Cruise geometry
2

3

5
6

1

7

4

Fig. 2 - Exemplary concept sketch of a variable nacelle inlet

METHODS
Safe Design Approach
The ARP 4761 (SAE Aerospace, 1996) introduces the safety assessment methods in aviation.
Figure 3 presents the allocation of these methods to the design approach of Kazula (2017).
The application of the methods FHA and FTA, as well as subsequent design adaptations are
described in Kazula (2018). Furthermore, a CCA should be performed to investigate
independence issues and external events. The actual analysis focusses on a CCA of concepts
that adjust the inlet geometry by movement of rigid segments.

Fig. 3 - Suitable safety and reliability methods for the individual phases of the methodical
safe design approach
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Particular Risk Analysis
SAE Aerospace (1996) characterises particular risks as events that happen outside of the
immediate system boundaries, but that can affect the requirement according to Certification
Specification CS 25.1309 (EASA, 2016) that no single failure event can lead to hazardous
conditions. These events can also influence several zones at the same time. Examples for
typical events are the following:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

fire,
high energy devices,
high pressure air duct rupture,
high temperature air duct leakage,
further leaking fluids: fuel, hydraulic oil, water,
aerodynamic friction,
friction between moving parts,
hail, ice, snow, water ingestion,
icing of operating equipment,
high ambient temperatures,
bird strike,
lightning strike,
electromagnetic interference,
high intensity radiated fields and
bulkhead rupture (SAE Aerospace, 1996; Kritzinger 2016).

Some of these events, e.g. leaking fluids, may also be investigated as a part of the ZSA.
The aim of the PRA is to identify all particular risks concerning the investigated design. After
identifying these risks, each risk is examined separately by primarily a qualitative analysis.
This way, every safety related effect can be designed out or shown to be acceptable due to its
probability of occurrence. The required steps to perform a PRA according to SAE Aerospace
(1996) and Kritzinger (2016) are summarised and displayed in Figure 4.

Fig. 4 - Summarised process steps of the Particular Risk Analysis

The PRA should be performed throughout the development process for a new aircraft and for
any major modification to the aircraft (SAE Aerospace, 1996). During initial stages of the
design process, a PRA can reduce development costs by recognising design weaknesses. As
the development process progresses, the design becomes more detailed. Therefore, potential
remaining weaknesses can be identified easier. However, mitigation of these weaknesses can
only be achieved by more cost-intensive design changes, complex simulations or tests.
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On the one hand, a PRA requires a lot of experience to identify all potential events and their
effects, as well as high effort and costs to carry out all required analyses and tests. On the
other hand, this method enables evaluation of effects of nonrelated systems on each other by
crossing system boundaries, allowing the examination of several zones at the same time and
facilitating the identification of vulnerabilities to outside interferences (Kritzinger, 2016).
Zonal Safety Analysis
The objective of the ZSA is to prepare guidelines for design and installation, to identify
interferences between systems installed in the vicinity, as well as to detect maintenance and
installation errors (EASA, 2016). This way, failures can be assured to be independent of other
systems or, if not possible, shown to be acceptable with a certain probability of occurrence. A
ZSA is a primarily qualitative analysis, which is performed for each zone of the aircraft and
should be carried out during the whole development process (SAE Aerospace, 1996). At the
beginning of the development process, the ZSA is utilised to create design and installation
guidelines and to investigate preliminary drawings or models. During later design phases, the
ZSA is based on more detailed design information, e.g. mock-ups and actual components.
The summarised process of the ZSA is illustrated in Figure 5. At the beginning of the ZSA,
the preparation of design and installation guidelines should consider aircraft level
requirements, results from earlier safety assessments, as well as available maintenance and inservice data from former types. These guidelines can be divided into general, system specific
or zone specific. General guidelines for design and installation can comprise
•
•
•
•

equipment installation (e.g. including pipes, ducts, hoses, wires, cables),
component removal and replacement,
maintenance and servicing, as well as
drainage guidelines (SAE Aerospace, 1996).

Additionally, zones of the aircraft have to be defined, e.g. according to the Joint Aircraft
System/Component (JASC) or the Air Transport Association of America (ATA) code tables.
A list of systems and items should be prepared for each zone of the aircraft. The extent of that
list is depending on the phase of the development process. Furthermore, failure modes, which
could have a safety effect on external systems or items installed in close proximity, should be
listed.
Later, each zone of the aircraft is inspected against the design and installation guidelines. Any
deviation of the design from these guidelines should be considered for a design change.
The effect of the identified failure modes of systems or items on external systems, items and
finally the aircraft should be examined, mitigated and if necessary further evaluated, e.g.
within the scope of a Failure Modes and Effects Analysis (FMEA) or an FTA (SAE
Aerospace, 1996).
Disadvantages of the ZSA are that it is best done, when all items and systems can be
investigated (Kritzinger, 2016). As this is mostly the case during later development phases,
required design changes are probably cost intensive. Additionally, this method requires much
experience of the investigated system to be performed successfully (Kritzinger, 2016).
However, the ZSA is an invaluable safety analysis method to use during system integration.
By the means of the ZSA complex potential interactions between systems are considered.
Furthermore, potential safety-relevant events from adjacent systems can be identified, e.g.
heating pipes near sensitive electronic equipment, hot air leaks and electromagnetic
interference effects (Kritzinger, 2016).
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Fig. 5 - Summarised process steps of the Zonal Safety Analysis

Common Mode Analysis
The CMA is a systematic method that contributes to a safe design throughout the design
process. It is a qualitative method for verifying independence of functions and thus events and
failure modes. Independence can be achieved by utilising fail-safe or independence principles
(Kritzinger, 2006), the most commonly used of them being redundancy, which is the
mechanical and electrical segregated duplication of systems or components. However, there
are various threats to the independence of redundant systems. Inadvertent dependency can
result in even higher failure rates than those of single elements (Lloyd, 1982). Especially,
effects of design implementation, manufacturing and maintenance errors, and failures of
system components have to be recognised (SAE Aerospace, 1996). For instance, generic
faults of a specific hard- or software can cause malfunctions in multiple items that utilise this
specific hard- or software (SAE Aerospace, 1996).
The CMA should be conducted throughout the safety assessment process, while being
performed best at later stages. This way, inputs from the FHA and the Preliminary System
Safety Assessment (PSSA) can be utilised to identify independency issues (SAE Aerospace,
1996). The steps necessary for performing a CMA are illustrated in Figure 6.
At the beginning, a checklist including specific common mode types, sources and failures
should be established. Examples for common modes that should be investigated are:
•
•
•
•
•
•
•
•
•

requirement errors,
software or hardware development errors,
hardware failures,
production or repair flaws,
installation errors,
stress related events (e.g. abnormal flight conditions),
environmental factors (e.g. temperature, vibration, humidity),
cascading faults and
common external source faults.

Furthermore, common mode requirements must be identified, e.g. by deriving from an FTA.
Later, the common mode checklist is utilised to analyse the design concerning compliance
with the common mode requirements, e.g. independence of functions. This way, it can be
ensured that the design meets the common mode requirements. Afterwards necessary design
adaptations should be carried out and documented.
Performing a CMA systematically and rigorously can be difficult, as it requires detailed
knowledge of the investigated systems and relies on acceptance that unlikely events will
occur (Kritzinger, 2016). While the application of a CMA cannot guarantee to identify and
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thus to mitigate all common failure modes, it still provides a good approach to identify
common development errors. Additionally, it determines functional requirements for
separation and isolation of systems (Kritzinger, 2016). Finally, by means of a CMA
independence of events can be verified, what supports the selection of the system architecture.

Establish
checklists of
common mode
types, sources
and failures

Identify
common mode
requirements

Analyse design
concerning
common mode
requirements to
identify
vulnerabilities

Ensure
probability of
occurrence of
any effect e.g.
by design
changes

Document
results &
validate, e.g. by
revised design
documents &
tests

Fig. 6 - Summarised process steps of the Common Mode Analysis

RESULTS
Particular Risk Analysis
While many events, e.g. hail impact, have a similar influence on variable inlets like on static
inlets, there are still huge differences due to the addition of actuators and sensors, which are
required to enable the variation of the inlet geometry. For the investigated concepts, which
adjust the inlet geometry by movement of rigid segments, ice, friction between moving parts,
bird strike and lightning are among the most critical events. These events, the severity of the
particular consequences and the derived probability of occurrence requirements are presented
in Table 1. Depending on the selected actuation system, e.g. electric or hydraulic, additional
events that have an impact on variable inlets can occur, e.g. fire and leaking hydraulic fluid.
Table 1 - Excerpt from the Particular Risk Analysis (PRA) of variable inlet concepts
Risk

Event

Consequences

Failure
mode
severity

Probability
requirement
[Events per
flight hour]

Ice

Large ice
accumulation on
inlet segments of
all engines

Potential spalling ice and loss of inlet
adjustment capability can affect the inlet flow,
damage the fan and potentially cause loss of
thrust on all engines.

Hazardous
effect
during takeoff

< 1.0E-07

Bird strike

Strike on inlet lip
of a single engine

Impact can damage inlet segments or cause loss
of segments. This can affect the inlet flow,
damage the fan and potentially cause loss of
thrust on a single engine.

Minor effect
during takeoff

< 1.0E-03

Bird strike

Strike on inlet lip
of all engines

Impact can damage inlet segments or cause loss
of segments. This can affect the inlet flow,
damage the fan and potentially cause loss of
thrust on all engines.

Hazardous
effect
during takeoff

< 1.0E-07

Lightning

Direct strike and
indirect effects on
a single engine.

Damage to segments or seals due to
temperature peaks. Damage to actuators and
sensors can lead to a loss of control of the inlet
adjustment system and thus to loss of thrust on
a single engine.

Minor effect
during takeoff

< 1.0E-03

Friction
between
moving
parts

Friction between
inlet segments

Segments getting caught on each other and
reduction of material durability can lead to a
loss of inlet adjustment capability and thus to
loss of thrust on a single engine.

Minor effect
during takeoff

< 1.0E-03
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Severe Icing has a probability of 10-2 per flight and normal icing can potentially occur during
every flight (EASA, 2016; Kritzinger, 2016). Hence, inlet anti-icing systems are usually
integrated in modern aircraft. However, these systems mostly cover the area around the inlet
lip. Large ice accumulation on the diffuser wall and the outer planking can be prevented by
extending the area covered by the anti-icing system. This results in increased heat energy
requirements, engineering effort and therefore costs. Furthermore, the relevance of particular
risks depends on the chosen anti-icing system. If an electric anti-icing system is preferred,
lightning strike and high intensity radiated fields should be inspected more closely. When
using bleed air anti-icing systems, high pressure and high temperature air duct leakage should
be further examined, as the bleed air temperature can be up to 260°C (SAE Aerospace, 1996).
Bird strikes are a well-known risk in aviation and 37% of them affect the engine or its inlet
(Hedayati, 2016). According to CS 25.631 bird strikes must be handled as ultimate loads,
which allows for deformation, but not for fracture of inlet segments (EASA, 2016).
Consequently, material strengths or thicknesses have to be sufficient. That can result in
increased weight, as well as decreased design space and economic efficiency. For successful
certification, compliance with CS 25.631 must be shown by analyses and tests.
In the European Union, aircraft get hit by lightning strikes with a frequency of up to 1 strike
every 2400 flight hours (Kritzinger, 2016). Negative effects of these strikes must be avoided
by utilisation of temperature resistant materials and lightning protection, e.g. by creating a
Faraday cage by means of the integration of bonding straps in each inlet segment.
Furthermore, electric components, e.g. electric motors, must be grounded.
The friction between inlet segments can be reduced by using coatings or lubrication.
Zonal Safety Analysis
Due to their large extent, only exemplary design and installation guidelines are presented.
General design guidelines for equipment installation, e.g. pipes, ducts, hoses, wires and
cables, contain requirements for minimising stresses, obstruction and fluid accumulation for
both, static and moving parts (SAE Aerospace, 1996). In areas or components, where fluid
accumulation can cause fires, corrosion or rot, drainage should be integrated. Furthermore,
redundant systems should be segregated to avoid events and failures affecting both systems.
Specific design and installation guidelines for a potential hydraulic system require for
instance the possibility to manually operate the hydraulic valves and the physical separation
of the hydraulic system from the air conditioning system (SAE Aerospace, 1996). Regarding
a potential bleed air anti-icing system, wires for transport of energy or position sensor data
and the bleed air duct should have a minimum clearance (Kritzinger, 2016). Variable inlet
concepts that tend to accumulate dust, dirt or other contamination inside the inlet could
require a forced air ventilation to prevent build-up of dust and dirt on component surfaces.
While it is possible to define the whole powerplant or its nacelle as a zone, in the case of this
study the variable inlet is considered as a separate zone. This is reasonable, as the inlet can be
easily dismantled from the remaining powerplant, given the fact that it is only connected to
the nacelle by a flange and some interfaces, e.g. for the anti-icing system. Necessary
subsystems in the inlet zone are:
•
•
•

an inlet lip,
an outer planking,
a diffuser wall with acoustic treatment, e.g. Helmholtz resonators,
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•
•

an anti-icing system, e.g. bleed air or electric anti-icing,
an adjustment system, e.g. electric, hydraulic or pneumatic driven, and

•

structural components.

These subsystems comprise different components. A bleed air anti-ice system for instance
consists of a bleed air duct, a piccolo tube, valves, seals etc., while an electric driven
adjustment system requires, among others, actuators, controllers, sensors, wires and cables.
After preparing design and installation guidelines and defining zones and their components,
the zones are inspected against the guidelines and any system interferences. Furthermore,
resulting effects on the aircraft and potential design precautions to correct, prevent or at least
mitigate these issues are considered, see Table 2.
Table 2 - Excerpt from the Zonal Safety Analysis (ZSA) of variable inlet concepts
Component(s) in zone

Potential issue(s) of
concern/ failure mode(s)

Effect(s) on the aircraft

Means of correction,
prevention or mitigation

Segments of inlet lip,
outer planking, and
diffuser walls

Accumulations of dust and
dirt between movable inlet
segments can cause a loss
of adjustability of the inlet

An unsuitable inlet
geometry can cause flow
separations and thus cause
loss of thrust on a single
engine

Integration of dirt-repellent
coatings, ventilation and
minimisation of gaps

Bleed air anti- icing
system

No bleed air provided by
the engine causes ice
accumulation on the inlet
lip and between inlet
segment

Ice accumulation on inlet
can affect the inlet flow,
damage the fan and
potentially cause loss of
thrust on all engines

Shed of inlet ice by
adjustments of the inlet
geometry with low
amplitude and medium
frequency

Hot surfaces of anti-icing
system when using
hydraulic driven
adjustment system or
other flammable fluids

Leakage of flammable fluid
close to hot surfaces can
cause fire

An uncontrolled fire can
result in hazardous effects

Ignition temperature for
hydraulic fluids >300°C,
ventilation, drainage,
potentially integration of
fire walls, fire detection
and extinguishing system

Electric anti-icing system
or electric driven
adjustment system

Accumulation of water, e.g.
rain or condensing
moisture, can damage
electric components, cause
rot and corrosion and
finally loss of adjustability
of the inlet

An unsuitable inlet
geometry can cause flow
separations and thus cause
loss of thrust on a single
engine

Integration of drainage,
grounding of electric
components and waterproof
component casings, e.g.
IP55 (International
Protection Code)

Electric wiring, as well as
potential bleed air or
hydraulic tubes

Adjustment of the inlet lip,
outer planking and diffuser
wall can cause high stresses
in static wires and pipes
and damaging them,
resulting in loss of
adjustability of the inlet

An unsuitable inlet
geometry can cause flow
separations and thus cause
loss of thrust on a single
engine

Flexible design of the
wiring and anti-ice pipe
installation to minimise
stresses; minimum
clearance between each
other

Electric driven
adjustment system when
using bleed air anti- icing
system
or
electric anti-icing system
when using hydraulic
driven adjustment system

Leakage of any fluid, e.g.
hot air and hydraulic fluid,
in proximity to electrical
equipment can cause
damage to components, fire
or loss of adjustability of
the inlet

An unsuitable inlet
geometry can cause flow
separations and thus cause
loss of thrust on a single
engine,
an uncontrolled fire can
result in hazardous effects

Over pressure breakout
panels, ventilation,
drainage and heat
protection for the adjusting
system, e.g. by means of
bulkheads
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Due to the results of the ZSA an electric driven actuation system and an electric anti-icing
system should be considered for use in variable inlets, as they have the least potential to
interfere. However, the various alternatives, like bleed air anti-icing, should be kept under
investigation, as they could have a higher economic potential.
Finally, the ZSA is a useful tool to investigate potential interferences within the inlet zone and
its proximity. It contributes to the choice of the optimal combination of adjustment and antiicing system.
Common Mode Analysis
The first step of the CMA is the preparation of a checklist that includes common mode types,
sources and failures, see Table 3. This is best done from the beginning of the design process
on to avoid the costly implementation of safety design features during later design phases.
Table 3 - Excerpt from the Common Mode Types, Sources and Failures/Errors
Checklist of variable inlet concepts
Common mode
types

Common mode
sub-types

Example of common mode
sources

Example of common mode
failures/errors

Concept and
design

System architecture

Common external interfaces (e.g.
electrical power)

Failure of common sources (e.g.
electrical power supply)

Concept and
design

System architecture

Equipment protections

Failure due to missing prediction of
an event by designers

Concept and
design

System architecture

Common software

Software error

Concept and
design

Technology

New/sensible technology

General design error due to
insufficient experience

Manufacturer

Common manufacturer

Common error due to manufacturer,
e.g. due to inadequately trained staff

Manufacturing

This checklist supports the identification of common mode requirements. The most critical
failures of the variable inlet system are those affecting all engines. These failures could cause
a loss of thrust on all engines and therefore result in hazardous effects, e.g. during take-off
(EASA, 2016). A CMA requirement, derived from the FTA in Kazula (2018), is that the inlet
adjustment system of engines on the left and on the right side shall be independent. Among
others, this requirement has been reviewed during the CMA to mitigate it, see Table 4.
Table 4 - Excerpt from the Common Mode Analysis (CMA) of variable inlet concepts
Requirement: inlet adjustment systems of left- and right-sided engines shall be independent
Common mode sub-type
System architecture
Technology
Manufacturer
Environmental factors

Common mode error

Means of correction, prevention or mitigation

Local event affecting electrical
routes

Use independent electrical routes and connectors
(mechanical and electrical segregation of separate
sides)

Development Error

If achievable, utilise conventional technology,
perform tests to assure correct operation

Faulty manufacture affecting
similar equipment on both sides

Different manufacturers for each side, certification
of manufacturing process and its quality, incoming
goods inspection

Bird strike on both sides

Fall back on a safe geometry when losing adjustment
capability
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The best way to prevent common mode vulnerabilities, is by using fail safe design principles,
see Kritzinger (2006), right from the start of the development process.
CONCLUSIONS
By identifying potential single and common events or failures, and application of best
possible mitigation methods, the CCA contributes to a safer design of variable inlets. Outputs
from the ZSA are the adaptation of the wiring and anti-ice pipe installation, as well as a heat
protection for the adjusting system. The risks identified by the PRA are determined, resulting
failure conditions are classified and mitigated by design precautions like anti-icing, lightning
protection and higher material strengths. The CMA highlights dependence risks mitigated by
design principles like redundancy.
While it remains impossible to ensure that every fault is identified during development, this
study shows that means of improvement of safety and reliability can be identified by applying
a CCA to variable inlet concepts. Compliance with safety and economic requirements are an
enabler for the variable inlet technology. Technology introductions like variable inlets in
concatenation with coupled design and safety methods are the way to achieve the ambitious
ecological, safety and economic goals for future civil aviation.

REFERENCES
[1] Baier H. Morphelle - Project Final Report. 2015.
[2] EASA. CS-25 - Certification Specifications and Acceptable Means of Compliance for
Large Aeroplanes. EASA, 2016.
[3] European Commission. Flightpath 2050 - Europe's vision for aviation. Publ. Off. of the
Europ. Union, Luxembourg, 2011.
[4] Farokhi S. Aircraft propulsion. Second edition. Wiley, Chichester, 2014.
[5] Hedayati R, Sadighi M. Bird strike. An experimental, theoretical and numerical
investigation. Woodhead Publishing, Cambridge, 2016.
[6] Kazula S, Grasselt D, Mischke M, Höschler K. Preliminary Safety Assessment of
Variable Nacelle Inlet Concepts for Aero Engines in Civil Aviation. European Safety and
Reliability Conference (ESREL), Trondheim, 2018.
[7] Kazula S, Höschler K. A Systems Engineering Approach to Variable Intakes for Civil
Aviation. 7th European Conference for Aeronautics and Space Sciences (EUCASS), Milan,
2017.
[8] Kondor S, Moore M. Experimental Investigation of a Morphing Nacelle Ducted Fan.
NASA, Smyrna, 2004.
[9] Kritzinger D. Aircraft system safety. Military and civil aeronautical applications.
Woodhead Publishing, Cambridge, 2006.
-769-

Topic-L: Industrial Engineering and Management

[10] Kritzinger D. Aircraft system safety. Assessments for initial airworthiness certification.
Woodhead Publishing, Duxford, 2016.
[11] Lloyd E, Tye W. Systematic Safety. CAA, London, 1982.
[12] Ozdemir NG, Scarpa F, Craciun M, Remillat C, Lira C, Jagessur Y, Da Rocha-Schmidt
L. Morphing nacelle inlet lip with pneumatic actuators and a flexible nano composite
sandwich panel. Smart Mater. Struct., 2015, 24 (12), pp. 125018.
[13] SAE Aerospace. ARP4761. SAE Aerospace, Warrendale, 1996.
[14] SAE Aerospace. ARP4754A. SAE Aerospace, Warrendale, 2010.

-770-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7153

NEW APPROACH FOR THE JOINT OPTIMIZATION OF THE DESIGN
AND MAINTENANCE OF MULTI-COMPONENT SYSTEMS BY
INTEGRATION OF LIFE CYCLE COSTS
Oussama Adjoul1,2(*), Khaled Benfriha2, Améziane Aoussat2, Yacine Benabid1
1
Laboratoire Systèmes Mécaniques (LSM), Ecole Militaire Polytechnique, Algies, Algeria
2
Laboratoire conception de produits et innovation (LCPI), Arts & Métiers ParisTech, Paris, France
(*)
Email: oussama.adjoul@ensam.eu

ABSTRACT
This work presents a methodology for simultaneous design and maintenance optimization
which objective’s the minimization of the life cycle cost. This methodology helps designers to
optimize the design of complex industrial systems (multi-component systems) based on the
minimization of the life cycle cost (LCC). The research contribution comes from integrating
two optimization tasks which traditionally are carried out in separate ways. In fact, during the
design phase, the system architecture is usually optimized by neglecting maintenance
expenses. While during the operational phase the system architecture is already finalized and
maintenance optimization approaches allow only determining a minimum maintenance cost.
In this work, design optimization refers to the optimization of reliability and maintainability
characteristics. There are two approaches for optimizing reliability. The first one considers
component reliability as a decision variable, and its cost is considered as a predetermined
increasing function of component reliability. The second approach aspires to determine the
type and number of redundant components of each subsystem. On top of that, there are two
approaches for maintainability. The first one considers component accessibility as a decision
variable, and its cost is considered as a predetermined increasing function of component
accessibility. While, the second approach focuses more on the monitoring architecture. In
addition, the maintenance optimization is able to optimally and automatically select what
maintenance actions are applied, when they are applied, and to which structural components
they are applied, so that the system can perform these missions with the required confidence
level.
Keywords: reliability, maintainability, maintenance, early design phase, life cycle cost (LCC),
complex industrial systems (multi-component systems).
INTRODUCTION
Nowadays, the new industrial systems present in the market are becoming increasingly
complex. This complexity is due to the diversity of technologies used in the components,
which once assembled constitute the final product (Menye, 2009). At the end, we will have
high-tech products, which will require reliability and/or availability, security and
performance. Obtaining a reliable system operating during its life cycle is an important
subject that has aroused the interest of many authors. Two general approaches can be
followed to ensure the system correct operation during its life cycle (Imam, 2015). The first
approach is to improve these characteristics of reliability and maintainability. In this case, the
system requires little maintenance over its entire lifetime. At the end, the development costs
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must be very important and the maintenance costs will eventually be optimized. However, the
second approach prioritizing saving on design costs. In sum, the maintenance costs are not
going to be optimized.
Nowadays, customers are not only affected by the intrinsic performance of a system, but they
are also increasingly concerned by its sustainability and its associated services (Lesobre,
2013). To meet these expectations and customer’s needs, companies that manufacture these
systems, are moving from mass product to product/services sales (Rawat, 2016) (Keller,
2003). In this context, they not only propose to their customers to pay for the system itself but
also for its use. Hence it is the companies’ responsibilities to ensure that the system they are
producing its functions for a contractual period (de Almeida, 2012). To implement these new
services offers, a paradigm shift is needed during the design stages. In fact, it is no longer
about minimization of manufacturing costs but the whole costs throughout the life cycle of the
system must be considered (Dhillon, 2006). This involves rethinking the positioning of
maintenance issues from the design stage. In this context, design for maintenance seems an
opportunity to realize profits for manufacturers and customers, in order to create a win-win
situation for both (Markeset, 2003a).
In this context, a new methodology for simultaneous design and maintenance optimization
which objective’s the minimization of the life cycle cost is proposed. This methodology aims
to provide a decision support tool to help the designer in the design process to find the best
configuration that has the minimum LCC. In this work, design optimization refers to the
optimization of reliability and maintainability characteristics. There are two approaches for
optimizing reliability. The first one considers component reliability as a decision variable, and
its cost is considered as a predetermined increasing function of component reliability. The
second approach aspires to determine the type and number of redundant components of each
subsystem. On top of that, there are two approaches for maintainability. The first one
considers component accessibility as a decision variable, and its cost is considered as a
predetermined increasing function of component accessibility. While, the second approach
focuses more on the monitoring architecture. In addition, the maintenance optimization is able
to optimally and automatically select what maintenance actions are applied, when they are
applied, and to which structural components they are applied, so that the system can perform
these missions with the required confidence level.
The rest of the article is structured as follows. In the second section, a review of the literature
on optimizing maintenance methods and design methods for maintenance are presented, as
well as, the originality and distinction of this work. The third section specifies the proposed
methodology. This methodology is based on three main steps. In the first and second ones an
algorithm is developed under MATLAB, to build a maintenance plan under reliability
constraints for a given mission duration. While, in the third step, a Monte Carlo simulation is
used to model the behavior of the operating system in terms of failure. The fourth section
presents a numerical example illustrating the methodology on a given multi-component
system. The results obtained in the fifth section will allow us to evaluate the consistency of
the methodology. Finally, the last section is devoted to the conclusions and suggestions for
future researches.
LITERATURE REVIEW
Although research on maintenance issues has seen significant advances in recent decades,
maintenance still has a negative image. It is often associated only with failures encountered
by the system. If we now consider the role of maintenance from a perspective of managing
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the system during its life cycle, this image changes radically (Takata, 2004). The development
of efficient maintenance allows the company that offers the service to make profits and its
customers to benefit a quality service (Rawat, 2016) (Markeset, 2003a) (Markeset, 2003b)
(Markeset, 2005). We pass from an activity that is perceived as a cost center to a profitable
activity.
Traditionally, the field of maintenance is limited to the operational phase. This phase includes
planning, diagnosis and implementation of maintenance operations (Chang, 2013) (Imam,
2012). In order to determine optimal inspection dates (Zhao, 2012), the dates of preventive
replacements (Zhang, 2002), which are policies that reduce maintenance and production costs
and increase reliability, others studies are carried out to determine the optimum ages of
components at replacement time, optimal replacement times (Shafiee, 2013), intervals
between replacements, determination of the preventive maintenance actions to be performed
during an intervention. This means that in most cases systems are already involved in the
operational phase of their life cycle. Failures may have already occurred or should occur
(Dhillon, 2006). Nevertheless, in order to consider a significant reduction in the operating cost
of the system, the optimization of the maintenance policy alone is not enough. It is in fact
essential to carry out a wider reflection associating the system and its maintenance from the
design stage (Markeset, 2005).
On the basis of available literature reviews, there are several publications in which design
methods for maintenance are discussed, some are interested in the reliability/availability
characteristics of the system: (Long, 2009), (Moghaddam, 2011), (Certa, 2011), (de Castro,
2003), (Juang, 2008), (Atashgar, 2016), while, others focuses more on the maintainability
characteristic (Wani, 1999) (Chen, 2003) (Nishijima, 2009). The goal is to maximize or
minimize certain objectives under certain constraints such as, costs, reliability, availability,
maintenance time, weight, etc.. According to A.T. de Almeida and all, 68.3% of the work
under this research thematic aims to minimize the cost, 37.6 to maximize reliability, 17.2 to
maximize availability, 11.8 to minimize maintenance time and 15.7 for the others objectives
(de Almeida, 2015).
Two general approaches can be followed to increase the system reliability through increasing
the component reliability or by adding redundant components (Zoulfaghari, 2014). The first
approach is called reliability optimization. It considers component reliability as a decision
variable; and its cost, weight and other characteristics are considered as predetermined
increasing functions of component reliability (Zeinal Hamadani, 2013). The aim of this first
approach is to find the appropriate values of these variables (Beaurepaire, 2012). The second
approach is variously called redundancy optimization, redundancy allocation or reliability
redundancy allocation problem (Ebrahimipour, 2011). In this second approach, it is assumed
that the characteristics of each component such as reliability, weight, cost, etc. are
predetermined and the goal is to determine the type and number of components that should be
applied in each subsystem. In most cases, the goal of optimizing redundancy is to maximize
reliability (Nourelfath, 2007), (Okasha, 2009), (Torres-Echeverría, 2012).
In addition, analyzes to improve maintainability characteristics have received increasing
attention in recent years reliability (Z Tian, 2011), (Olde Keizer, 2016), (Mulder, 2013). This
analyzes tries to determine the optimal time to perform maintenance, as well as, improve
accessibility to failed components. The purpose of these analyzes is to optimize the time to
restore the system functioning. Improving accessibility means determining the system optimal
dimensions and these components to make certain components more accessible (Chen, 2003),
(Luo, 2014). An accessibility gain reduces the replacement time of the part in question and
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thus reduces the downtime of the system. In return, the various design efforts to make a
component more accessible lead to increase the component cost.
Thus, with the development of advanced sensors and information technology, many studies
show the added value of using these systems to determine the optimal moment to perform
maintenance (Lesobre, 2014). These systems make it possible to optimize the decision
process by monitoring the system state health and these components. Nevertheless, the
evaluation of the benefits obtained between, the maintenance effort, and the design
expenditures for the implementation of these systems for access to surveillance information,
is not sufficiently taken into consideration in maintenance optimization studies.
It is clear from the literature review above that all of the design solutions proposed above
must be validated by a cost analysis over the system life cycle. All the difficulty lies in
finding a best compromise between improving system reliability and maintainability
characteristics and gains in life cycle costs. To our knowledge, no research has been
performed no general method, which takes into account the simultaneous design and
maintenance optimization through the integration of life cycle cost. Design optimization
refers to the reliability (reliability and redundancy) and maintainability (monitoring
information and accessibility) optimization. In the following section we propose a design
method for maintenance that allows to overcoming this limit.
METHOD
The developed methodology is based on an iterative process to optimize the design of a multicomponent system at each iteration. The goal of these iterations is to reduce overall life cycle
costs. The feedback loop makes it possible to modify the design parameters in order to find
the balance to be sought. Figure1 illustrates the different steps of the proposed methodology.
The first step allows the system reliability modeling, thus the components reliability laws, the
links between these components and their properties are introduced. In the second step, a
maintenance strategy optimal to be applied to the system is developed. The third step, using
Monte Carlo simulation and by adding randomly generated faults, the system life cycle cost is
evaluated.

Fig.1 - New approach to design optimization
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A. System Reliability Modeling
In practice, the dates of preventive maintenance for industrial systems are well-planned,
because high operational availability is required and the breakdown of the system generates
high immobilization costs. And, the user of these systems requires the autonomy of their
systems over given periods of operations. The period between maintenance shutdowns is
called mission, or MFOP (Maintenance Free Operating Period) (Lesobre, 2014). The system
reliability assessment during its mission means the compilation of conditional reliability that
units of time, knowing that
the system survives for the duration of the MFOP of length t
it was in an operating state at the beginning of period t. This conditional probability called
Maintenance Free Operating Period Survivability (MFOPS) is given by (Kumar, 1999):
()

() =

()

Where () is the system reliability at time .
The equation of component reliability is given by equation (1), and the equation (2) represents
the whole system reliability according to its structure (series, parallel, series- Parallel,
parallel-series ...).
'

Ri(t) = ( exp"λi(τ)% dτ)
R(t))*) =1 − ∏1123(1 − ∏01
0123[1 − Ri(t)]) Système en série-parallèle

(1)
(2)

λi (t): Failure rate.
R 4 (t): Reliability of component i.
R(t))*) : Reliability of the system.
t: time.
k: number of subsystems in series.
Ek: the number of parallel components in the kth subsystem in series.
B. System Maintenance Modeling
To maintain the system and these components in operational condition, a maintenance
strategy must be developed. The maintenance strategy contains the human and material
resources to implement to achieve the required performance in the requirements specification
(the required confidence levels, the operating time, the MFOP, etc.) (Guo, 2016).
In this work, basing ourselves on the work of Lesobre (2015), a maintenance policy based on
the MFOP concept is introduced. This policy aims to ensure the proper functioning of a multicomponent system over a given period, within a specified level of confidence. To do this, it
evaluates, at the end of each operational period, the need to maintain the system. If the
maintenance intervention is deemed indispensable, the policy selects the operations to be
performed. As well, this policy is dynamic. This means that the maintenance decision is
adapted according to the monitoring information available online.
To achieve requirements specification with the optimal maintenance cost, the maintenance
policy needs to be optimized. The optimization of the maintenance policy consists in
identifying the components to be replaced so that the system can perform their missions with
the required confidence level. In fact, at each failure or if MFFPS is estimated below the
specified confidence level, a maintenance operation must be performed on one or more
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components of the system. In this case, the problem can be formulated mathematically as
follows:
MIN ∑<423 X4

C4

S.t

MFOPS (t) > NC

(3)

Where = is the number of system components, X4 is a binary variable which indicates the
maintenance operation on the component >, C4 is the operation cost (labour + spare part cost)
of component > and NC is the specified confidence level.
To solve the previously mentioned problem, we have developed an algorithm under
MATLAB. This algorithm determines the actions to be performed, based on three parameters
(the MFOP, the confidence level and the state of the components). The sequence of these
maintenance actions is established in a way that provides the best compromise
(Reliability/Costs). The order of the actions in the list is important to ensure better confidence
level and to ensure mission (MFOP).
C. Simulation
According to Roda (2014), maintenance costs, is neither static nor easily quantifiable (in
contrast to the costs for acquisition or installation) but rather highly dynamic and depend on
the actual failure behavior of a system and its components. Against this background, dynamic
tools for an ex-ante estimation are a promising way to predict LCC under the given
circumstances (Thiede, 2012).
Based on the properties of the system and the maintenance model, defined in the previous
subparts, Numerical simulations based on the Monte Carlo method are implemented to
evaluate the total costs. These simulations are performed by considering a required confidence
level by the system during its operation, with its structure and the reliability properties of
these components.
A Monte Carlo simulation provides an overall idea about system behavior at the number of
the possible failures during their useful life (Imam, 2015). In addition, the Monte Carlo
simulation method can also help in assessing the uncertainty in the data and the statistical
sensitivity in the model (Fleischer, 2007). The longer simulation the more the results look
likes the real life of the system (Imam, 2015).
Let us now look at the life cycle cost estimate LCC(t))*) . The life cycle cost is detailed as
follows:
LCC(t))*) = C@ + CB (t)

(4)

Where C@ is the initial cost of the system and CB (t) the total maintenance cost of the system
over the mission duration [0, t]. The CB (t) is expressed as:
CB (t) = CCDE (t) + CFGD (t)+ CHFGD (t)

(5)

Where CCDE () is the preventive replacement cost of system components on [0, t], CFGD () is
the corrective replacement cost of failed components on [0, t], and CHFGD (t) is the additional
cost related to the loss of production when the system is down (corrective replacement) on [0,
t]. Let us now detail the expression of each of these costs.
The CCDE (t) can be defined as:
CCDE (t)= ∑<423(C4 + D4 ∗ τK ) ∗ N4,CDE + CKGM,CDE ∗ NMSCDE
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Where = is the number of system components, C4 is the spare part cost of component >, D4 is
the replacement duration of component in hour, τK is the hourly rate of labor, N4,CDE is the
number of replacements of component > during a system preventive stop on [0, t], CKGM,CDE is
the logistics cost and NMSCDE is the total number of the system's preventive maintenance
stop.
Then the CFGD (t) is given by:
CFGD (t)= ∑<423(C4 + D4 ∗ τK ) ∗ N4,FGD + (CKGM,FGD + COP4M ∗ NINA) ∗ NMSFGD

(7)

Where N4,FGD is the number of replacements of component i during a system corrective stop on
[0, t], COP4M is the unitary diagnosis cost for component, NINA is the number of components in
the system whose monitoring information is not available, CKGM,FGD is the logistics cost and
NMSFGD is the total number of the system's corrective maintenance stop on [0, t].
When a corrective replacement occurs on the operating system, additional costs related to the
immobilization of the system will be added to the maintenance cost. These are taken into
account through the CHFGD (), is expressed as:
CHFGD (t)= ∑<423 D4 ∗ N4,FGD ∗ τ4RRGS + (DKGM,FGD + DOP4M ∗ NSIS) ∗ AMFGD ∗ τ4RRGS

(8)

Where τ4RRGS is the hourly rate for a system immobilization, DOP4M is the unitary diagnosis
duration for component and DKGM,FGD is the logistics duration of the system's corrective
maintenance stop.
The system initial cost is given by:
C@ =∑<423 C4 + CT@,4

(9)

Where CT@,4 is the cost related to the information available level on component > (cost of a
sensor).
D. Feedback Loop
The design of the system is validated based on the obtained life cycle costs value. In case
these costs are unsatisfactory for the designer, it will be to identify the weak points of the
system. The weak points here are the components that have the greatest impact on life cycle
costs. After, it will be for the designer to modify the design parameters, in order to find the
system configuration that corresponds to the LCC minimum.

Fig. 2 - Design parameters to optimize

The various modifications to the design parameters discussed in this article are listed in
Figure 2. The choice between these modifications is potentially the most complex part for the
designer. The first challenge is to evaluate the technical viability of these different
modification proposals depending on the component concerned. For example, it may be not
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possible to install redundancy on a given component or make it more accessible in the system.
Depending on the results of this technical analysis, the number of proposals available to the
designer may be reduced. If several solutions subsist, it will be a question of integrating these
different proposals into the initial maintenance model to evaluate their impact on life cycle
costs. The choice between these proposals is validated by evaluating the reduction in lifecycle costs. To illustrate the consistency of the methodology, an example of a multicomponent system will be established in the next section.
NUMERICAL EXAMPLE
In this illustration, we tested our model on a multi-component system coming from a
commercial heavy vehicle. This system is composed of six (06) components connected in
series (see Figure 3). The model, which is applied in this section, tends to be close to the real
system model (Lesobre, 2015).

Fig. 3 - System Structure Definition

The reliability properties, costs and replacement durations for the system components are
defined in Table 1.
Let us now turn to the different properties of this system. The operation time is fixed at 5
years (represents the nominal contract duration). The MFOP fixed at six (06) months. The
confidence level fixed at 80 %. The hourly labor rate is fixed at τK = 90 €, the hourly rate for a
system immobilization is fixed at τ4RRGS=100€. The unitary diagnosis cost and duration are
respectively fixed at COP4M =20€ DOP4M =5min. The logistics cost of the system's preventive
maintenance stop is fixed at CKGM,CDE =100€ and finally. The logistics cost and duration of the
system's corrective maintenance stop are respectively fixed at CKGM,FGD =200€ and DKGM,FGD =1h.
It is also assumed that the system components maintenance operations are independent of one
another.
Table 1 - System parameters (W=Weibull distribution, G=Gamma process and
L=degradation Limit) (Lesobre, 2015).
A1
W(3.5e5,2)

A2
W(3.5e5,7)

A3
W(4e5,3)

A4
W(4.5e5,7)

UV (en €)
UWX,V(en €)

500
1

500
0

500
0

YV (en €)

1

1

1

Reliability
model

500
0

A5
G(1.1e-4,1.5)
L=20
500
0

A6
G(8e-5,1.5)
L=20
500
0

1

1

1

RESULTS AND DISCUSSION
According to the methodology developed, simulations based on the Monte Carlo method are
carried out. For each simulation the LCC of the system over a 5 year is evaluated. To ensure
the convergence of LCC estimation, 1000 stories are simulated. Figure 4 shows the result of
the LCC of system and these components.
After estimating the LCC of given system and these components, the next step is to identify
the most impacting components. According to Figure 4, design optimization should focus on
component A1 as a priority.
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Fig. 4 - The life-cycle cost as a function of the number of stories

Table 2 illustrates the system life cycle costs for the various design optimizations (changes)
made on component A1. The following modifications were made:
Case 1: Reliability optimization; Change component A1 by a more reliable component,
however the cost of the new component is greater than component A1.
Case 2: Redundancy optimization; Installing redundancy by placing a component similar to
component A1 in parallel works at the same time.
Case 3: Accessibility optimization; Making component A1 more accessible, this modification
minimizes replacement duration, but the cost of the item can be increased.
Case 4: Monitoring architecture; Install a sensor to monitor the health of component A1. In
fact, the cost of acquisition is increased.
Table 2 - The system life cycle costs for the various design changes made on component A1
LCC (euro)

Initial Case
14081

Case 1
12684

Case 2
12028

Case 3
13888

Case 4
13286

According to Table 3, for each proposed design optimizations, life cycle costs are optimized.
In the first case the LCC is decreased by 9.92 %, in the second case it is 14.56 %, in the third
case 1.37 % and finally the last case is 5.56 %. Among the different design optimizations
proposals, the best result is achieved by redundancy optimizing (case 2).
CONCLUSION AND FUTURE RESEARCHES
To optimize the life cycle cost of the complex industrial system, maintenance policy
optimization alone is not enough. Indeed, it is essential to carry out a wider reflection
associating the system and its maintenance from the design stage. To guide this reflection,
design methodology for maintenance has been proposed. The developed methodology
provides the designer with a decision support tool to find the system configuration that
corresponds to the minimum LCC. The added value of this methodology lies in the design and
maintenance optimization simultaneous. The design optimization refers here to the reliability
and maintainability optimization. The reliability optimization is the components choice and
the redundancies implementation. The maintainability optimization is the improve
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accessibility and the monitoring architecture installation. This methodology also allows
providing an optimal opportunistic maintenance policy based on the MFOP concept. This
maintenance policy ensures that the multi-component system operates over a given lifetime
with a confidence specified level.
The research offers the following subjects for further researches: (a) applying the proposed
model and procedure for multi-state systems; (b); Applying the four optimization methods
together, and on all system components; (c) Use a meta-heuristic methods for maintenance
optimization and comparing their results with those; (d) considering other objectives in
addition to LCC, such as reliability, availability, time; (e) integrate other design parameters,
such as availability, security, supportability, etc.
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ABSTRACT
The control of critical electronic components reliability is one of the great issues in railway
traction applications. Insulated Gate Bipolar Transistors (IGBTs) are part of these
components. They are subjected to high stresses resulting in the severe conditions of use of
the train. The increase of requirements in term of reliability and safety impose to answer the
question how to improve them. This short paper presented a methodological framework for
predicting reliability of IGBT based on Bayesian approach.
Keywords: railway traction application, reliability prediction, Bayesian networks.
INTRODUCTION
Insulated Gate Bipolar Transitors (IGBTs) modules are power switching components that
equip converters used in railway applications. The harsh environmental conditions
encountered in railway operation and the stringent requirements in terms of system
availability and maintainability impose high reliability levels to IGBT modules. The key issue
of the work conducted in this PHD research is the need to increase the reliability prediction of
IGBT modules.
Railway operators are today faced with the lack of a failure rate model during useful life of
the IGBTs: in the first instance, the failure rate is computed based only on return from field;
in the second instance the lifetime is calculated taking into account only thermal cycling stress
performed at design stage. This last calculation does not give a good visibility with the real
life of the component. The calculation contains a lot of variability and uncertainties and must
be characterize. A probabilistic approach, Bayesian network is proposed to quantify these
uncertainties and variability.
IGBT modules (see Figure 1) are power semi-conductors devices
providing switch function. Used in traction applications, they
combine high efficiency and fast switching. In the form of a
package, they are composed inside of lot of sub-components made
with different materials and each ensuring several functions. Due to
the difference of properties of materials inside, IGBTs modules are
subjected to different failure mechanisms that can induce failure
and affect greatly their reliability. In traction systems, the
Fig. 1 - IGBT Module
requirements for 30 years and more of fault-free operation lead to
undergo lots of work to improve the reliability of IGBT Modules. In the literature, different
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programs have been devoted to the reliability and lifetime prediction of IGBTs Modules:
LESIT program (Held et al., 1997), RAPSDRA (Reliability of advanced power semiconductor devices for railway traction applications) (Ciappa, 2002). Other works also have
been undertaken especially (J. Due et al., 2011; R. Amro, J. et al., 2004; U. Scheuermann,
2013) to predict the lifetime of IGBTs Modules. The main particularity of these studies is the
fact that they take into account only thermal cycling. The first research question is addressed:
what is the impact of other failure mechanisms on the reliability of the IGBT?
All these studies involve also lot of assumptions, uncertainties and variability, for example,
different criteria of failure result in different values of lifetime predicted. To quantify all these
uncertain data, a probabilistic approach is proposed. The advantage of using this Bayesian
approach, is to take into account not only all the operating environment of the IGBTs, but also
all known phenomena that could have influence on their reliability.
RESULTS AND CONCLUSIONS
The proposed approach integrates the definition of a “U” cycle.
Currently, it is difficult to collect data on the evolution of the
operating variables directly at the level of the IGBT. This leads to
carry out analyzes at different levels. These analyzes will be
nested later to build the model. Functional analysis consists of
knowing the functions realized by the system or the component.
The dysfunctional analysis is used to complete the first one in
order to take into account dysfunctions.
Knowledge gathered from different analysis will feed the bayesian
model, Figure 2. The mission profile describes the mission profile
of the train namely the set of environmental conditions. The
stresses represent the impact of this mission profile in terms of
constraints for the component (IGBT). The effects, Failures and
Failure mechanisms are induced by the stress of the component.

Fig. 2 - Bayesian model

A methodological framework is proposed to set up a prediction model of IGBT modules used
in traction applications. It results in different analysis functional and dysfunctional at IGBT
modules level and train level. All this analysis will feed the Bayesian model with the goal to
to predict the reliability of IGBT Modules
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ABSTRACT
This work is focus on the maintenance management of the equipment at vehicle Periodical
Technical Inspection (PTI) stations. PTI is essential to guarantee the appropriate mechanical
performance of vehicles related to environmental contamination and traffic safety. That
makes necessary that PTI stations implement a comprehensive management plan on the
maintenance of all the equipment that check vehicle systems: brakes and wheels-tires,
steering, lights and electrical elements, exhaust system, electronic parts, etc. In this paper, a
first approach to the definition and implementation of an Integrated Management Plan (IMP)
applied to the equipment at PTI stations is studied. Different actions of the IMP are defined:
Equipment Inventory, Preventive and Corrective maintenance, Spare part stock at warehouse
and Control of maintenance operations. It is study the data base of gas analyzers and
opacimeters provided by SYC-APPLUS PTI stations in Galicia and it is calculated the value
of several indicators and ratios, such as MTBF (Mean Time Between Failures) and MTTR
(Medium Time to Repair), to quantify the most frequent and serious failures in the equipment.
Keywords: Integrated Management Plan (IMP), Periodical Technical Inspection (PTI).
INTRODUCTION
Periodical Technical Inspection (PTI) is essential to guarantee the appropriate mechanical
performance of vehicles. The fact is that there is an important correlation between PTI and the
accidents decrease and improvement of road safety. According to the study San Román
(2007), PTI avoid more than 400 fatalities per year, about 12,000 injured and almost 8,500
accidents during the period 1998-2006. This study was update (San Román, 2012) which
demonstrate that vehicle technical failures contribute about a 6% of the total number of car
accidents and an 8% of motorcycles accidents, which annually represents 2,000 fatalities in
the European Union and a much higher number of injuries. According to this work, PTI
stations avoided 11,000 traffic accidents, about 11,000 injured and 170 fatalities, which
represents an economic benefit of 300 M€. Other studies (AUTOFORE, 2007) show similar
results. Current legislation about “periodic roadworthiness tests for motor vehicles and their
trailers” is contained in Directive 2014/45/EU that repealing previously Directive
2009/40/EC.
At PTI stations, the appropriate mechanical performance of vehicles is certificated. A visual
inspection of the different mechanical parts is necessary but also the checking of the adequate
performance of critical security systems must be done, such as brakes or steering working.
These make necessary that PTI station must be equipped with different machines capable to
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determining the correct mechanical operation of those systems. Two of these testers are
showed in following Figure 1: A Roller Brake Testers (left) and a Side Slip Testers (right).
This work is focus on the definition and implementation of an Integrated Management Plan
(IMP) applied to PTI stations equipment and the relation between the IMP and the success
and reliability of vehicle mechanical performance checking.

Fig. 1 - Roller Brake Testers (left) and a Side Slip Testers (right). Source: SYC-APPLUS

INTEGRATED MANGAMENT PLAN (IMP)
A first approach to the methodology followed to define an Integrated Management Plan
(IMP) in the case of study of a PTI station is show in the current paper. A specific case of
study will be analyzed and different conclusions will be drawn in order to implement an
adequate IMP for any equipment at PTI stations.
As is well known in literature (Liening and Bruemmer, 2017), any equipment in use is
susceptible to failure. It is defined a failure rate (λ) as the number of units of that kind of
equipment that will fail on average in a time-period. This function is called colloquially
‘bathtub curve’ (Figure 2) with decreasing, constant, and increasing failure rate sections
throughout equipment life-cycle.

Fig. 2 - Typical plot of the failure rate λ over time t. Source: Liening and Bruemmer, 2017

As in other production installation, PTI equipment at stations requires an adequate, preventive
and corrective maintenance to minimize the impact of breakdowns in operation. Its objective
is, therefore, to ensure that the equipment used during vehicles’ PTI will be in suitable
conditions of use. In addition, since these are equipment whose results are used to qualify
defects in vehicles, they must be also property calibrated by an accredited official laboratory,
in order to ensure the reliability of their measurements. The calibration consists of obtaining
-786-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

the measurement uncertainty of the equipment. This information is included, together with the
corrections that must be made, in the equipment calibration certificate issued provided by the
laboratory that carries out the calibration.
In this paper, a specific case of study, relative to gas analyzers and opacimeters, is done. For
this equipment, there is legal metrology involved, which requires to carry out periodic checks
of metrological control (PCMC), also by an official laboratory authorized. The purpose of the
PCMC role is to guarantee compliance with the technical requirements and metrological tests
legally established by the Administration for certain equipment, since its measures affect the
safety, health and economic interests of consumers. This is also reflected in the verification
certificate issued by the laboratory and, both certificates (calibration and PCMC) must be
indicated with a label placed on the equipment.
To address the maintenance management of the existing equipment at the PTI stations,
establishing a system that allows achieving the objectives indicated above, it is convenient to
develop an integrated maintenance plan (IMP) which summarizes in the following sections:
Inventory and historical archive of equipment, Preventive and Corrective Maintenance Plan,
Execution and control of maintenance, Analysis of maintenance activity and Spare parts
management.
In fact, the inventory of equipment should allow the identification, location, coding and
classification of the equipment to be maintained and the registration of its data. It must be
accompanied by a historical archive of equipment with the register of all the interventions
carried out on them throughout their useful life, including information regarding additions,
removals and changes of location, interventions (preventive or corrective maintenance,
calibration or periodic metrological control), personnel that has intervened in them, time
required and materials and manpower costs.
In relation to maintenance, preventive maintenance, calibration and PCMC must be planned.
To prepare an adequate Preventive Maintenance Plan (PMP) it is necessary to define the
preventive maintenance sheets for each equipment, detailing the different operations and the
intervention frequencies (daily, weekly, monthly, annual, etc.) as well as the maintenance step
to which they correspond (for example: 1st station, 2nd internal maintenance team, 3rd
supplier) and the personnel and materials necessary to carry them out.
On the other hand, it is necessary to have an adequate control of the spare parts warehouse,
recording the inputs and outputs of material and its assignment to the different works carried
out, both preventive and corrective maintenance, and managing their stocks, relying on the
system of the company's purchases.
Finally, it is necessary to carry out the execution and control of the activity, which is based on
the launching of Work Orders (whether they are revision, issued according to those
established in the Maintenance Plan, or repair, which are generated when they occur
breakdowns) and in the subsequent completion of Work Reports, whose data make it possible
to generate structured information about the work carried out and the analysis of the
maintenance activity by calculating a series of indicators and ratios, such as, the well-known
Mean Time to Failure (MTTF) and the Mean Time to Repair (MTTR) that make possible a
quick view of the maintenance status of each equipment and allow, if it is necessary,
implement any corrective action for a continuous improvement of the service and, therefore,
to increase the operability of the inspection lines. To contribute to this, it is useful to make an
analysis of the main failures that have occurred, for example, through the use of
methodologies such as FMECA- Failure mode, effects and criticality analysis- in order to
incorporate improvements in equipment to reduce them in the future.
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A specific case of study will be done in the next section of this paper related to an opacimeter
operation in a PTI station. The following diagram (Figure 3) represents the main parts of an
integrated maintenance plan (IMP) must include, such as it was explained before, as well as
its connection with other management systems of the company (fixed assets, human resources
and warehouse).

Fig. 3 - Scheme of an Integrated Maintenance Plan (IMP). Source: Own elaboration
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CASE OF STUDY
To illustrate what has been described in previous sections, a case of study is done. The impact
on the operation of inspection lines due to equipment breakdowns is analyzed for the
equipment to vehicles pollutant emission control at PTI stations: gas analyzer and opacimeter.
Equipment description:
- Gas analyzers
Gas analyzers measure the concentrations of components (CO, CO2, O2 and unburned HC)
presented in the exhaust gases of a vehicles with spark ignition engines. Based on these
concentrations, the Lambda (λ) coefficient (Balance of Oxygen to Fuel) is obtained using the
Brettschneider equation (1979) that is the de-facto standard method used to calculate the
normalized λ.
Control of emissions is carried out with an equipment that consist on an analyzer that is
introduced into the exhaust pipe of the vehicle inspected (Figure 4). This analyzer obtains a
sample of the gases emitted using a vacuum pump and eliminating most of the water and solid
particles. The analyzer also has a power supply and a control unit for the set-up configuration
and calibration of the equipment and to record and present the results and all the information
of the gas analyzed.

Fig. 4 - Emission control in a PTI station. Source: SYC-APPLUS

- Opacimeters
The opacimeters measure the fumes turbidity emitted by the vehicles with compression
ignition engine. Gases are sent to a measurement chamber in which it is emitted a light signal
and it is detected their intensity after pass throw the gasses with a photoelectric cell sensor. As
well as analyzers, opacimeters are composed of a unit of measurement, a power source and a
control unit.
The presence of these fumes in the chamber produces an absorption of light, which varies the
intensity of the light-beam. This variation is detected by the equipment and it is calculated the
light absorption coefficient, using Beer-Lambert law, referenced in several papers such as Cha
(1988), as a measurement of the diesel particulate emissions. It is defined a K-index as the
level of the gas turbidity emitted by the vehicle engine.
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ANALYSIS AND RESULTS
From a data base of the corrective maintenance of a gas analyzer and opacimeter equipment,
provided by one PTI operator during a period of two years, an analysis is done. The main
faults occurred during its operation at the PTI stations, as well as the frequency of
interventions in each case, is shown in the following table for each type of equipment.
Table 1 - Main operation faults in gas analyzers at PTI stations. Source: SYC-APPLUS
Type of failure (gas analyzers)

% of interventions

Vacuum pump membranes replacement

28%

Infrared source cleaning

27%

O2 sensor replacement

15%

Screen replacement

11%

Power supply replacement

2%

Power supply repair

2%

Screen repair

1%

Internal wiring repair

1%

Others

14%

Table 2 - Main operation faults in opacimeters at PTI stations. Source: SYC-APPLUS
Type of failure (gas analyzers)

% of interventions

Opacity camera cleaning

32%

Temperature transistor replacement

28%

Fan replacement

4%

Fan repair

4%

Power supply replacement

4%

Heating resistance replacement

4%

Power supply repair

3%

Microprocessor replacement

3%

Speed sensor repair

3%

Temperature probe replacement

3%

Screen replacement

2%

Control cable replacement

2%

Emitting source replacement

1%

Internal wiring repair

1%

Internal connector repair

1%

Motherboard replacement

1%

Others

6%
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In both installations, most of the failures are due to a reduced number of causes. Following
figures (Figure 5) show the cumulative frequencies of the interventions in each case (top: gas
analyzer; bottom: opacimeter) using a Pareto analysis of the data.
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0%
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40%
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Fig. 5 - Analysis of cumulative frequencies of failure in gas analyzers (top) and opacimeters (bottom).
Source: SYC-APPLUS

In both cases, more than the 80% of the corrective maintenance interventions are due to a few
types of failures. In the case of gas analyzers, there are only four main causes with more than
the 80% of the frequencies, and eight causes in the case of opacimeters. In both case, less than
the half of the different causes analyzed are responsible of more than the 80% of failures.
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These results allow to defining an accurate integrated management plan (IMP) to those
devices which include a preventive maintenance to avoid service failures. Among them, both
type of equipment must be cleaned by the maintenance personnel, in a complementary way to
inspection personnel, as the first step of preventive maintenance, also the opacity chamber
and the infrared bank.
Taking into account the data, it is obtained indicators and ratios, such as MTBF (Mean Time
Between Failures) and MTTR (Medium Time to Repair), to quantify the most frequent and
serious failures in each equipment. The main goal of this preventive maintenance is avoid
non-operational availability of equipment. Such it is showed in figure below (Figure 6), due to
repair operations, this equipment could be more than 15 days without operation in a 2-3% of
the cases. Fortunately, most of the cases analyzed, only one non-operation day is happened
(more than the 50-55% of the cases), and in a 90% of the cases, less than 4-5 days.
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Fig. 6 - Non-operational days for gas analyzers (top) and opacimeters (bottom). Source: SYC-APPLUS
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Although these graphs show that a significant number of failures were repaired on the same
day, there were others that required more time for various reasons: need to acquire the
necessary spare parts, availability of maintenance personnel, etc. These facts cause a decrease
in the inspection capacity of the station. As we saw, if we add up the time elapsed until the
repair in all the interventions carried out in the opacimeters, the total number of days that
result is approximately 80% of those that had been working during the period contemplated,
which means that during most of the same time, some equipment was broken in some of the
station under study. If we do a similar operation with the times corresponding to the
analyzers, the percentage obtained is 50%. As indicative ratios of the status of the equipment
in the PTI stations during the period considered, we can obtain the failure rate (λ) in the
opacimeters and gas analyzers. It was λ = 3.32 and 1.89, respectively, which provide values of
MTBF of 7.24 and 12.68 months in each case. As regards the MTTR, in the opacimeters,
maximum delay was about 15 days with a MTTR value of 7.98 days, while, in the analyzers,
the greatest delay was of 10 days with a MTTR value of 5.11 days.
CONCLUSIONS
An adequate proposal for an IMP applied to the equipment at PTI-stations must contemplate
the flowing main activities: Equipment Inventory, Preventive and Corrective maintenance,
Spare part stock at warehouse and Control of maintenance operations. These actions must
guarantee that the equipment had the reliability and availability expected, and then the data
obtained from the equipment was accurate and precise.
As it is known, equipment must be reliable in operation and their availability is in function of
the evolution of the number of failures throughout its life cycle. First, and as a preliminary
study of the IMP, ‘bathtub curve’ of different equipment will be done, in order to stablish
equipment ‘useful life’. Secondly, actions related with preventive and corrective maintenance
must be defined to be implemented with the purpose of reduce equipment failures and
increase their reliability and availability.
In the other hand, in order to get precise and accurate data from equipment, calibration must
be taking into consideration. Also, metrological control and calibration allows to obtaining
correct data from the equipment and to avoid a false pass-testing, and a periodic metrological
control has to be done to confirm compliance with the legally requirements.
Finally, a Control of maintenance operations will be presented. Taking into account the study,
a data analysis will be presented in order to calculate several indicators and ratios, such as
MTBF (Mean Time Between Failures) and MTTR (Medium Time to Repair), to quantify the
most frequent and serious failures in each equipment.
In the case of study of gas analyzer and opacimeter, two years’ data from PTI were done. The
main faults occurred during its operation was determined and in both cases, more than the
80% of the corrective maintenance interventions are due to a few types of failures. Due to
repair operations, this equipment could be more than 15 days without operation in a 2-3% of
the cases. Fortunately, most of the cases analyzed, only one non-operation day is happened
(more than the 50-55% of the cases), and in a 90% of the cases, less than 4-5 days. Indicative
ratios were obtained. The failure rate (λ) was λ = 3.32 and 1.89 in the opacimeters and gas
analyzers respectively, which provide values of MTBF of 7.24 and 12.68 months in each case.
MTTR value was 7.98 days and 5.10 days in each case, with an average maximum of 15 and
10 days, respectively.

-793-

Topic-L: Industrial Engineering and Management

ACKNOWLEDGMENTS
The authors gratefully acknowledge SYC-APPLUS for data base used in this paper.
REFERENCES
[1] AUTOFORE: Study on the Future Options for Vehicle Roadworthiness Enforcement in
the European Union. International Motor Vehicle Inspection Committee (CITA).
http://citainsp.org/wp-content/uploads/2016/01/PressReleaseEN.pdf
[2] Brettschneide J, Bosch Technische Berichte (1979) V. 6. N. 4. pp. 177-186
[3] Cha, S, Black, F., King, F. Continuous measurement of diesel particulate emissions
(1988). Journal of the Air Pollution Control Association. Volume 38, Issue 3, pp. 252-257
[4] Directive 2014/45/EU of the European Parliament and of the Council of 3 April 2014 on
periodic roadworthiness tests for motor vehicles and their trailers and repealing Directive
2009/40/EC. http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32014L0045
[5] Lienig Jens and Bruemmer Hans. Fundamentals of Electronic Systems Design. Ed.
Springer AG. ISBN: 978-3-319-55839-4 (2017). doi.org/10.1007/978-3-319-55840-0
[6] San Román García JL., Gauchía Babé A., Díaz López V. Contribución de la Inspección
Técnica de Vehículos a la Seguridad Vial. Fundación Instituto Tecnológico para la Seguridad
del Automóvil (FITSA). Instituto de Seguridad de los Vehículos Automóviles (ISVA).
Universidad Carlos III, Madrid. (2007)
[7] San Román García JL., Gauchía Babé A., Díaz López V. Contribution of Periodic Motor
Vehicle Inspection (PMVI) to vehicle safety. FITSA. ISVA. U. Carlos III, Madrid. (2012).

-794-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7159

PRELIMINARY SYSTEM-SAFETY-ANALYSIS AND COMPARISON
BETWEEN TWO NEW BROADBAND NOISE ABSORBING
ACOUSTIC-LINER CONCEPTS FOR CIVIL AVIATION
Marcel Mischke(*), Stefan Kazula, David Grasselt, Klaus Höschler
Traffic Engineering Institute, BTU-Cottbus-Senftenberg, Cottbus, Germany
(*)
Email: marcel.mischke@b-tu.de

ABSTRACT
This paper describes various methods of the safety assessment for aviation systems and
carries out these on two concepts of future, broadband acoustic liners. The Liner concepts
have a similar basic design and the same primary function. Nevertheless, with the ARP 4761
safety assessment methods, significant differences in subfunctions and possible malfunctions
of the concepts can be identified. Finally, the results of the safety assessment are discussed
and the concepts are evaluated in terms of function and safety.
Keywords: acoustic liner, broadband attenuation, function analysis, system safety assessment.
INTRODUCTION
The aviation industry is subject of constant development and optimization. In addition to the
fundamental increase in technical and cost efficiency, particular attention is payed to the
aspect of environmental compatibility. This includes the reduction of soot, NOx and as well
noise emission of the aero engine.
For many years, the reduction of airborne noise is a challenge during the development of
aircrafts and aero engines. A current solution to reduce airborne noise on aero engines is to
integrate noise reducing acoustic liners into the intake and bypass duct. Such acoustic liners
(Standard Helmholtz Resonator Liner; SHR-Liner) are sandwich panels composed of a
honeycomb core, a perforated cover layer and a bottom layer (Figure 1).

Fig. 1 - Design of a SHR-Liner

These SHR-Liners are designed as ridged structure with a fixed cell dimension, which
allowing only to attenuated one frequency of the emitted noise. However, aero engines have a
very broadband tonal noise character.
The first concept increase the frequency rang by integrating flexible (vibrating) structures into
the honeycomb core, which dissipate the sound energy into heat (Window Helmholtz
Resonator Liner; WHR-Liner; Figure 2). The second concept optimizes the transmission loss
by reflection and extinction of the incoming and outgoing soundwaves by adding the flexible
structure into the cover-layer (Plate Resonator Liner; PR-liner; Figure 2).
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Fig. 2 - Design of a WHR-Liner (left) and an PR-Liner (right) with flexible structures

Because the flexible structures within the liners is new, there are no concrete safety
regulations set up by the authorities and no aviation safety investigations has been conducted.
By introducing the new geometry with flexible elements, several disadvantages and
challenges for the integration and the airworthiness requirements of the new acoustic-liners
could arise.
RESULTS AND CONCLUSIONS
In accordance with ARP 4754, the acoustic-liners were separated in its physical
subcomponents based on their functional attributes. It is an iterative top-down development
approach of the considered system and begins with the function definition of the top level
system. In the case of airworthy systems, the main system is always the aircraft itself. From
this point, various main functions (aircraft top-level functions), are defined and gradually
refined. These are further subdivided down to the system level functions. From this system
functions, the corresponding system architecture can be derived.
Subsequently the Functional Hazardous Assessment (FHA) and the Fault Tree Analysis
(FTA) in accordance with ARP 4761 were performed. Through these methods, possible
malfunctions and other potential failure cases, which may occur during operation can be
detected and classified, based on the system functions and the system architecture. The FHA
identifies possible malfunctions and the resulting low-level requirements, which are specially
tailored to the liner functions. Due to the similar design of both new liner concepts, similar
malfunctions can be detected.
In order to evaluate and compare the WHR- and PR-Liner concept in terms of function and
safety, the SHR-Liner is used as a corresponding reference system. The SHR-Liner is
currently use in service and meets compliance with all relevant requirements of the aviation
authorities. In case of the functional character for broadband noise reduction, both concepts
have a high potential. In terms of system safety, the flexible structures of the WHR- and PRLiner have great structural and thermal disadvantages arise in comparison to the rigid SHRLiner without flexible structures. Furthermore all known malfunctions and failure cases of the
new broadband noise attenuating acoustic liners were identified and summarized. It can be
concluded that the new liner concept has corresponding risk areas. The main tasks for further
researches are to identify the probability of occurrence of the detected malfunctions and
improve them by adapting the geometry and material behaviour.
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ABSTRACT
At this study a mechanical and state analysis of a gas turbine under certain conditions is
developed. Using functioning parameters, failures or quasi-failures we can know the real state
of the gas turbine and the environment and use influence in it. It will be compared the
evolution of various parameters along the functioning. Graphical and statistical techniques
will be applied to treat the gas turbine data. It will be defined an inspection and maintenance
plan according the results.
Keywords: gas turbine, functioning parameters, reliability, maintenance.
INTRODUCTION
The gas turbine hot parts work in an extreme environment and it will have an influence in
maintenance cycle (Santos and Andrade, 2012). To define a gas turbine maintenance schedule
it must be considered what kind of reparation it needs (Moritsuka, 2000), the substitution of
the engine, the spare parts and adjustments.
The chosen fuel for gas turbine operation (Ghenai, 2010) and the environment in which it
works has influence in its performance, its maintenance and life cycle (Rashidzadeh et al.,
2015). This study intends to show the correlation between readings of gas turbine sensors and
it state facing the environment in which it is applied. A total of 30 samples were taken from
the gas turbine sensors, and it was simulated 18 anomalies in a certain time interval.
RELIABILITY AND CONDITION BASED MAINTENANCE
The reliability knowledge allows to knowing the probability of a system failure in a certain
time interval, allowing an action in time to correct an anomalous situation if it is needed.
A failure means that the functioning of a component or system had finished or it state is
degraded, and the operating parameters are unsatisfactory. And probably low level of
operability, high cost or risk to safety both material and personal exist.
Some techniques are presented to reliability and failure analysis.
Pareto Analysis
The Pareto analysis can be used when a reliability study begins. This methodology can group
the failures accordingly the causes, so in this case, the number of failures is usually more than
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it causes. This analysis allows to eliminating failures with scarce economic resources, because
it leads to the causes of failures. (O´Connor, 1991)
For the actual example we group four types of anomalies that the descriptive analysis can be
found in the results of this article.
Weibull Probability Density Function
The Weibull Probability Density Function must derivate from equation:
  t − µ  β 
R(t) = exp − 
 
  δ  

(1)

Where t is the time interval, µ is the mean, β, δ (δ =1/λ) are the form fator, and λ is the
proportionnel factor. And in F(t)=1-R(t) the reliability R is the complement of the distribution
F. (Dias, 2002)
Availability of a Reparable System
The availability of a reparable system is function of it failure rate, λ, and it repair or
replacement. For a system with a stable failure rate, and a minimum reparable rate, µ, the
availability in a stable state is:
A=

µ
λ+µ

=

MTBF
MTBF + MTTF

(2)

Where MTBF is the Mean Time Between Failures, the MTTF is the Mean Time to Failure.
For the systems with increasing failure rate, we propose improvements on the maintenance
management.
For the systems which the failure rate is stable we calculate the MTBF using MTBF= T/nf,
where T is the total functioning time for the system, where nf is the failure number.
Laplace Test
With a process i.i.d. (independent and identically distributed) the failures occurred
accordingly a Homogenous Poisson Process.
Considering a time limited test:
 nf

 ∑τ

Zo= 12nf x  i =1 − 0,5
 nfxT






(3)

nf is the number of components that fail, T is the interval of the test, τi the system age for a
failure of i order, considering H0 with stable failure rate, H1 with non-stable failure rate, and
α=0,05.
In a Homogeneous Poisson Process, if Zo> Z α the H0 is rejected. (Dias, 2002)
2
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INSPECTION AND MAINTENANCE PLAN
Although the gas turbine has a preventive maintenance plan, we will develop a methodology
to control the engine functioning and act in anomaly when the various conjugated parameters
and factors shows us that necessity.
So the methodology we proposed is the following (Figure 1):
•
•
•
•
•
•

Procced to online condition monitoring by continuous collection of the data;
Collect data from vibration and temperature sensors;
Calculate the reliability of the gas turbine;
Calculate the MTBF;
Apply the Laplace Test;
Evaluate the results:
 If the failure rate is increasing: evaluate with the sensors parameters to decide
the intervention or substitution;
 If the failure rate is decreasing: maintain the observation;
 If the rate failure is stable: check if the obtained parameters are admissible, if
not, decide when the intervention or substitution take place.

Fig. 1 - Methodology

RESULTS
The results of gas turbine data vibration sensors collection are shown in Figure 2 and
scavenges temperatures in Figure 3. The SNV sensors represent vibrations and the SOT
represent scavenge temperatures.
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Fig. 2 - Vibrations

We can see that for the same moment the vibration on SNV0374 and SNV0375 that represent
the self and induced vibration are higher than for the turbine. The SNV0376 and SNV0377
have lower values than the compressor sensors.
In Figure 3 we can see the temperature to descend along the observations, probably the engine
had decreases its velocity, so the temperature decreases.

Fig. 3 - Scavange Temperatures

If we considered the environment temperature increasing, we may have all the temperature
higher, so we simulate a 16ºC increasing in the temperature inlet on the gas turbine
compressor, and we obtained:
Apparently, the scavenge temperatures had stabilized at higher temperatures, the results for
the sensor SOT0369 is the result of sensor malfunction, it was substituted and the results had
stabilize either. In other work the temperature in the power turbine of the gas turbine system
should be analyzed together with the scavenge temperature, for this study this temperatures
were not conclusive.
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Fig. 4 - Scavenge Temperatures - higher inlet temperatures

For environment high temperatures levels there´s no evidence, in short time, of vibration
increasing, so the vibration graphical data for higher seawater temperature is not present in
this article. This happens because usually the power of gas turbine are reduced because of the
exaust gas temperature.
The results show that the conjugation of various variables with statistical treatment can be
more accurate to define a maintenance plan for the gas turbine.
The degradation of the gas turbine depends on the environment conditions and in which
“power plant” or system it is applied.
This turbine shows high vibration on the compressor, this can reveal the need of equilibration
on this system. By the collected data, this was a real situation, and the Gas Turbine had had an
intervention maintenance, a mechanical balance on the compressor blades.
Pareto Analysis
In the evaluation of the system eighteen failures occurred on a 365 days period; we
subdivided the failures in four types: compressed air system (A), fuel system (B), vibrations
(C), and various components failures (D).

Fig. 5 - Pareto Analysis - Anomalies vs type occurrences
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The compressed air system had 4 failures, the fuel system 2 failures, it was registered 11
vibrations alarms and 1 registered failure of other components. The vibration alarms were the
highest type of occurrences, Figure 5.
Gas Turbine Reliability - Laplace test and MTBF
The time failure distribution is accordingly Figure 6:

Fig. 6 - GT - Anomalies type occurrences

Only the last occurrence is way from the normal results, where the time between failures had
increasing, but the last occurrence doesn´t exist, it is only the end of a cycle observation.
The failures sequence are accordingly the next figure (Figure 7), and although the
representation is different, the results show similarity, and we can see there´s no occurrence
on the 365 day.

Fig. 7 - Anomalies type occurrences
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Along one year, the gas turbine registered 18 anomalies. We applied the Laplace Test to
define the gas turbine reliability, and calculate the MTBR.
For the Laplace test we have nf=18, for a 365 days of data collection, a ∑τi=2753, and a Z0=1.1900717 so the failure rate is constant for a confidence interval with α=5%, ]−1.96; 1.96[.
With the Z0 result, the H0 is not rejected for a 5% significance level, and so, because the
system have a constant failure rate, it is a Poisson Homogenous Process.
Studying the failures distribution, we obtain a MTBR of 20.28. In all the registered failure,
none was catastrophic.

CONCLUSIONS
The Pareto analysis can initiate the reliability studies, allowing to group anomalies,
highlighting the incidence of the subsystems anomalies.
We can calculate the gas turbine reliability having a continuous monitoring and anomalies
historic registry and applying the Laplace Test.
Various statistical techniques can be conjugated to allow a mechanical system control.
Statistical control is essential for equipment performance monitoring and condition
maintenance. This is also important when ships navigate on seawaters where it were not
design.
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ABSTRACT
In this paper, an integration of maintenance systems such as CBM, RCM and TPM is
proposed for a continuously monitored system subject to degradation due to the imperfect
maintenance, where a hybrid hazard rate based on the concept of age reduction factor and
hazard rate increase factor is used to predict the evolution of the system reliability in different
maintenance cycles. A maintenance policy is suggested for an integrated maintenance system.
Keywords: maintenance, TPM, RCM, CBM.
INTRODUCTION
Excellence in maintenance is imperative in highly competitive market because it resulted into
minimum maintenance cost, high equipment effectiveness, maximum reliability of the
system, high quality of the products, low delivery time, high flexibility, safety etc. Any
maintenance system such as Total Productive Maintenance (TPM) or Reliability Centered
Maintenance (RCM) or Condition Based Maintenance (CBM) alone cannot achieve the
excellence in maintenance but its integration may do.
TPM is an innovative approach to maintenance that optimizes equipment effectiveness,
eliminates breakdowns, and promotes autonomous operator maintenance through day-to-day
activities involving the total workforce [1]. RCM is a systematic approach to determine the
maintenance requirements of plant and equipment in its operation. It is used to optimize
preventive maintenance strategies. The developed PM programs minimize equipment failures
and provide industrial plants with effective equipment [2]. CBM or predictive preventive
maintenance methods are an extension of preventive maintenance and have been proved to
minimize the cost of maintenance, improve operational safety and reduce the frequency and
severity of in-service machine failures. The basic theory of condition monitoring is to know
the deteriorating condition of a machine component, well in advance of a breakdown, for
proactive maintenance [3].
Many investigations have been carried out on individual maintenance system which
determined the optimum cost of maintenance threshold value, where preventive maintenance
must be carried out, optimum inspection schedule etc., but very few references are reported in
the area of integration of various maintenance systems.
In this paper, an integration of maintenance systems such as CBM, RCM and TPM is
proposed for a continuously monitored system subject to degradation due to the imperfect
maintenance, where a hybrid hazard rate based on the concept of age reduction factor and
hazard rate increase factor is used to predict the evolution of the system reliability in different
maintenance cycles. A maintenance policy is suggested for an integrated maintenance system.
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RESULTS AND CONCLUSION
All the above defined systems are comprehensive and self-sufficient in their approach but
their benefits are different from each other. To obtain the benefits such as minimum cost of
maintenance, equipment effectiveness, reliability, quality, delivery time, flexibility, safety etc.
at a time from these maintenance systems their integration may be explored. This can be done
by inducting some features of a maintenance system into other or by fusing some features of
different maintenance systems into one and then augmenting the same into proposed
maintenance system. The authors while developing a maintenance policy considered that the
core and allied maintenance must be done by maintenance personnel only and the superficial
sort of maintenance such as tightening of bolts, cleaning, oiling etc. should be done by
machine operator in order to achieve the perfectness in maintenance and therefore the RCM
system is suggested at the center of implementation with few important features of other two
maintenance systems.
The authors have considered streamlined RCM instead of classical RCM because streamlined
RCM skips the time-consuming process of building a failure history database for each piece
of equipment and allows the user to rely on the experience and knowledge of subject matter
for failure modes and causes.
The feature condition monitoring of CBM and the features involvement of every employee,
establishment of 5s, autonomous maintenance program and office TPM of TPM can be the
part of streamlined RCM process to draw the maximum benefits.
The integrated maintenance policy is given below.
- Involve every single employee, from top management to workers on the floor in
maintenance activity of the organization with initial education and training.
- Establish 5s within the company.
- Employ autonomous maintenance program.
- Establish boundaries.
- Identify interfaces.
- Specify important functions.
- Identify dominant failure modes.
- Identify critical failure modes.
- Identify dominant failure causes.
- Select maintenance tasks (Use condition monitoring technique wherever possible).
- Office TPM.
A quantitative decision making model for an integrated maintenance system is derived in
order to assess the performance of the proposed maintenance policy. Numerical examples of
calculation of optimal preventive maintenance age ^ and preventive maintenance number N*
for the given cost ratio of corrective replacement and predictive preventive maintenance are
given.
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ABSTRACT
This work presents some recent results of theoretical and experimental study of innovative
laminar flow control method on a swept wing based on electrogasdynamic impact on
boundary layer flow. Experimental verification of this method is supposed to be carried out in
near future in low-turbulence subsonic wind tunnel with the use of new multi-discharge
plasma actuator system.
Keywords: swept wing, laminar-to-turbulent transition, dielectric barrier discharge actuator.
INTRODUCTION
Development of energy-saving and environmentally appropriate technologies in civil aviation
remains one of the industries major objectives. Laminar-to-turbulent transition delay in a
boundary layer on an airplane wing is one of the effective methods of friction drag reduction
(up to 8÷16 % of total airplane drag) and, consequently, fuel consumption and atmospheric
pollution decrease (Schrauf, 2005). The concept of laminar flow control (LFC) method
proposed at TsAGI (Chernyshev, 2011) and based on electrogasdynamic (EGD) body-force
impact on boundary layer flow on a swept wing is illustrated in Figure 1(a).
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Fig. 1 - (a) the concept of EGD LFC; (b) the design of multi-SDBD actuator system

A swept wing 1 in subsonic flow V∞ is equipped by multi-discharge actuator system with
exposed electrodes 2 creating surface dielectric barrier discharge (SDBD) 3 near one edge of
every electrode. The body-force arising in SDBD induces a flow 4 directed mainly opposite to
the cross-flow 5 which exists in three-dimensional boundary layer and is responsible for its
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high instability. An attenuation of the cross-flow 5 due to EGD impact results in a decrease of
increments of spatial growth of the cross-flow-type instability vortices 6 responsible for
laminar-to-turbulent transition. If this decrease is significant, the transition can be delayed
downstream or removed.
RESULTS AND CONCLUSIONS
Theoretical assessments of EGD LFC method have been obtained for airflow parameters
corresponding to typical cruise flight conditions of a civil airplane (Kuryachii, 2014). The
essential problem in practical realization of this method is a development of optimal multiSDBD actuator system capable of unidirectional force impact along a whole wing leading
edge in very thin boundary layer. The multi-SDBD system developed at TsAGI and shown in
Figure 1(b) differs from known systems (Benard, 2014) by more simple design and by a
possibility of its essential miniaturization. The proposed system consists of the lower
grounded electrode, two dielectric layers, and a set of pairs of electrically linked exposed and
buried shielding electrodes.
Experimental justification of the EGD LFC method will be carried out in low-turbulence
subsonic wind tunnel with the working cross-section of 1 × 1 m2 on a swept wing model. The
multi-actuator system has been manufactured for these experiments with the discharge area of
300 × 150 mm2 and the spatial period (the distance between the active edges of adjacent
exposed electrodes) of 5 mm. The operability of the created multi-actuator system is
confirmed by the photo of the discharge at high alternating voltage amplitude of 4 kV and
frequency of 10 kHz in Figure 2.

Fig. 2 - Photo of SDBD on multi-actuator system
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ABSTRACT
The aim of this work was to evaluate the combined effect of stress triaxiality and strain rate
on the tensile behavior of the titanium alloy. The results of experimental studies and
numerical modelling of the mechanical behavior of alpha titanium alloys were received and
summarized. This paper presents the results of research on mechanical behavior of titanium
alloy VT 5-1 (this is an analog of Ti-5Al-22,5Sn) in a wide range of strain rates (from 0.001
to 1000 1/s) and stress triaxiality (0.0-0.6). Specimens of four different shapes were used in
experiments to study the deformation and fracture under uniaxial tension, shear. Experimental
studies were performed on servo-hydraulic test machine Instron VHS 40/50-20. The model of
inelastic deformation and ductile damage criterion were proposed to describe the ductility of
the titanium alloy in a wide range of strain rates and stress triaxiality.
Keywords: stress triaxiality, titanium alloys, ductility, strain rates.

INTRODUCTION
There is evidence that the fracture of the hexagonal close packed polycrystalline metals and
alloys is strongly dependent on the accumulated plastic strain, represented by the equivalent
plastic strain, and hydrostatic pressure. The hydrostatic pressure is represented by the
dimensionless stress triaxiality η (η = - p/σeq) defined as the ratio between the hydrostatic
stress p and equivalent stress σeq. A significant distinction has been noted between the
regimes of high and low stress triaxiality. The Gurson-Tvergaard-Needleman (GTN)
plasticity and failure model can be complemented with phenomenological laws for void
nucleation, growth and coalescence (Bai, 2008; Tvergaard, 2015).
Recently, Bobbili et al. presented modification Johnson-Cook model which provides better
description on the influence of strain rate, stress triaxiality and temperature on the plastic flow
of β-phase Ti-10V-2Fe-3Al alloy (Bobbili, 2016). The modified Johnson-Cook strain fracture
criterion was proposed to predict the plasticity of α+β phases Ti6Al4V titanium alloy sheets
deformed over a wide temperature range (295 - 1173 K) and stress states (Valoppi, 2017).
In this research we study the influence of different stress triaxiality (0.0< η < 0.6) on ductile
fracture of α-phase VT 5-1 (Ti-5Al-22,5Sn) alloy in a wide range of strain rates using
experimental tests and numerical simulation. Four types of VT 5-1 sheet samples were used in
experiments on static and dynamic tension.
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MATERIAL AND SAMPLES
The investigated material is VT 5-1 (Ti-5Al-2,5Sn) alpha phase titanium alloy. This is
typically used in the aerospace field for critical aircraft components. The thickness of sheets
samples was 1.15±0.05 mm. Table 1 shows that the chemical composition of VT 5-1. VT 5-1
consists of a majority of the hexagonal close packed alpha-phase. The average grain size in
the sheet of VT5-1 alloy ~40 µm was determined by the method of diffraction of
backscattered electrons (EBSD) (Skripnyak, 2017).
Table 1 - Chemical composition (weight percent) of VT 5-1 (Ti-5Al-22,5Sn) sheets

Composition

Fe

V

Al

Sn

Zr

C

O

N

Ti

0.3

1.2

6.27

2.2

0.3

0.009

0.15

0.05

balance

VT 5-1 alloy is analog of Ti- 5Al-2.5Sn (Grade 6) alpha phase titanium alloy.

The tensile tests were performed on samples characterized by different geometries, as shown
in Figure 1(a), in order to vary both the stress triaxiality and Lode parameter.
The stress triaxiality η and Lode parameters L defined as:
η = - p/σeq, L = (2 σII - σI - σIII)/(σI-σIII),

(1)

where p is the pressure, σI, σII, σIII are first, second, and third invariants of the Cauchy stress
tensor respectively, σeq = (3 σII)1/2 is the equivalent stress.
The stress triaxiality during the deformation is not constant. The initial triaxiality was
calculated in the undeformed state by formula (Selini, 2013):

η = (1 + 2 D) / (3 D 2 + D + 1 , D = ln[1 + a / (4 R)] ,

(2)

where: a is the width of a sample and R is the value of notch radius.

(a)

(b)

(d)

(c)

(e)

Fig. 1 (a) Geometry of the samples used for tensile and shear tests: l0 =24±0.1 mm, A0=9.3±0.05 mm2,
notch radius: R1=10 mm, R2 = 5 mm, R3=2 mm, distance between cuts δ =4.5 mm; (b) Fractured
samples after tension at the velocity: 20 m/s; (c) 12 m/s; (d) 2.4 m/s; (e) 0.4 m/s
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The samples of ~1.18+0.01 mm thickness were cut using electroerosion method from a sheet
of titanium alloy. The initial length l0 of samples was equal to 24±0.1 mm, the cross-sectional
area of the smooth flat samples was A0=9.3±0.05 mm2, notch flat specimens had notch radius
of R1=10 mm, R2 = 5 mm, R3=2 mm, respectively. The samples for shear test had distance
between cuts δ ~4.5 mm.
QUASISTATIC AND DYNAMIC TESTS
The tests were carried within the range of strain rates (16 ̶ 833 s-1) at room temperature using
an Instron test machine VHS 40/50-20 with a 50 kN loadcell. The tests were conducted at
constant tensile velocity 20±0.01, 12±0.01, 2.4±0.002, 0.4±0.001 m/s. Tests were divided into
three groups: (I) uniaxial tensile tests carried out on smooth specimens, characterized by
positive values of both the stress triaxiality and Lode parameter. The second group is pure
shear tests. The third group is uniaxial tensile tests carried out on flat notch specimens. Two
values of notch radius, 2 mm, and 10 mm, were used in this study. The true stress and the true
stress were determined using the analytical formulas:
ε1true = ln(1 + ∆l / l0 ) , σ1true = ( F / A0 )(1 + ∆l / l0 ) ,

(3)

where ε1true is true strain, σ1true is true stress, F is tensile force, A0 is mean initial minimum
cross sectional area of sheet sample, ∆l is the change in gauge length, l0 is the initial gauge
length.
COMPUTATIONAL MODEL
The computational model uses the theoretical basis of continuum damage mechanics
(Kachanov, 1958; Rabotnov,1963; Zhang, 2010). Mechanical behavior of smooth and notched
dog-bone shaped flat specimens under tension was described by a system of conservation
equations (mass, momentum and energy), a kinematic equation, and a constitutive equation.
Computer simulations of deformation and fracture processes were performed using licensed
software ANSYS 14.5 and being a part of the software LS-DYNA. The calculations were
carried out with solvers using a finite difference scheme of second-order accuracy. Grid
model of a dog-bone shape flat sample is shown in Figure 2.

Fig. 2 - Grid model of a flat sample
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The initial and boundary conditions were added to the system of equations. Initial condition
corresponded to state of the material in uniform temperature field T0:

ρ t =0 =ρ0 , εij

t =0

= 0, σij

t =0

= 0, T t =0 = T0 ,

(4)

where t is a time, ρ is a mass density, σij is components of stress tensor, T0 is initial
temperature
The boundary conditions (5) correspond to the conditions of loading of a 3D body. Dog-bone
shape specimens were simulated under axial tension with a constant strain rate.
u x | S1 = 0, u x | S3 = 0,
u y | S1 = 0, u y |S3 = v y0 ,

(5)

u z | S1 = 0, u z | S3 = 0,
σ ij |S2 ∪S4 ∪S5 ∪S6 = 0,

where u i | S j are the components of the mass velocity vector on the surface S j , v y0 is the tensile
velocity, σ ij is the components of the stress tensor.
Plastic flow was described within the theory of Prandtl-Reuss with the von Mises criterion.
The flow stress of zirconium alloys under loading has been described using a modification of
the Johnson-Cook model (6) (Johnson, 1985) and the Zerilli-Armstrong model for α-phase
alloy (7) and β-phase alloy (8) (Zerilli, 1992; Gao, 2011; Abed, 2005):
p
p n
σs (ε eq
, ε&eq ,T) = (a + k h d g -1/2 + b(εeq
) )(1+ c ln(ε&eq / ε&0 ))(1- T m ) ,

(6)

)

(

p
p n1
σs (ε eq
, ε&eq ,T) = С0 + k h d g -1/2 + C5 (εeq
) exp C4 T ln(ε&eq / ε&0 ) { 1-[-C3Tln(ε&eq / ε&0 )]q }p ,

)

(

(7)
(8)

p
p n1
σs (ε eq
, ε&eq , T) = С0 + k h d g -1/2 + С1exp - C3 T + C4 T ln(ε&eq / ε&0 ) + C5 (εeq
) ,

1/2
p
&0 =1.0s −1 , a, b, c, n, m are the material
where εeq
= [ (2 / 3)εijp εijp ]1/2 , ε&eq = [ (2 / 3)ε&&
ijεij ] , ε

parameters, T is the temperature, T = (T - Tr ) / (Tm − Tr ), Tr =295 K is room temperature, Tm is the
melting temperature, kh is the coefficient of the Hall-Petch relation, С0, С1, С3, С4, n1, q, p are
material constants, dg is the grain size.. The melting temperature is assumed as ~1844 K.
The equations (6)-(8) take into account the influence of grain sizes on the flow stress at the
quasi-static loading of titanium alloys (Skripnyak, 2017).
Johnson-Cook constitutive equation parameters of VT5-1 are shown in Table 2. ZerilliArmstrong constitutive equation parameters for alpha-phase VT5-1 alloy are shown in Table
3. These parameter values can be used to describe the flow stress of VT5-1 alloy at a
temperature T≤ Tpt. The temperature Tpt of α→β phase transition is assumed as ~ 1311±15 K
for VT5-1 alloy.
Table 2 - Johnson-Cook equation parameters of VT 5-1 (Ti-5Al-22,5Sn) alloy
a, MPa

kh, MPa µm1/2

b, MPa

n

m

c

280

189.7

1050

0.25

0.65

0.022467
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Table 3 - Zerilli-Armstrong equation parameters of VT 5-1 (Ti-5Al-22,5Sn) alloy
C0, MPa
280

kh, MPa µm1/2 C1, MPa
189,7

190

C3, K-1

C4, K-1

C5, MPa

n1

q

p

0.000877

0.0004

1050

0.25

2/3

2

Temperature in the material particles of deformed body was calculated by relation:
εpeq

p
T = T0 + (0.9 / ρ Cp ) ∫ σeq dεeq
,
0

(9)

where T0 is the initial temperature of specimen, ρ =4.41 g/cm3 is mass density of alloy, Cp=
586 J/Kg K is the specific heat of the VT5-1 alloy.
Studies (Sharkeev, 2016) have shown a significant increase in the temperature in the zone of
localization of plastic deformation and damage formed before the failure of the alpha-titanium
alloy under tension.
The GTN model (Bai, 2008; Tvergaard, 2015 ) was used for analysis of stresses and strains in
smooth and notched samples of sheet VT 5-1 under tension. The yield criterion has a form:

(σeq 2 / σs 2 ) + 2q1f * cosh(−q 2 p / 2σs ) − 1 − q3 (f * )2 = 0 ,

(10)

where σs is the yield stress, p is the pressure, q1, q2 and q3 are model parameters, and f is the
void volume fraction, σeq = [ (3 / 2)SijSij ]1/2 , Sij = σij − σkk / 3.
The rate of void growth is obtained by assuming mass conservation and depends on the
volume change part of the plastic strain.
Consequently, there is no void growth in pure shear deformation. The void nucleation
depends on the equivalent plastic strain ɛp, here a normal distribution A is used:
A strong coupling between deformation and damage is introduced by a plastic potential
function which is dependent on the void volume fraction f* (Neilsen, 2010).

f&= f&nucl + f&growth ,
f&nucl = (f N / s N )εp exp{ − 0.5[εp eq − ε N ) / s N ]2 },

(11)

f&growth = (1 − f )ε&pkk ,
where εN and sN are the average nucleation strain and the standard deviation respectively. The
amount of nucleating voids is controlled by the parameter fN.
f * = f if f ≤ f c ;
f * = f c + (fF − f c ) / (f F − f c ) if f > f c ,

(12)

where fF = (q1 + q12 − q 3 ) / q3 , q1,q2, and q3 are constants of the model.
The final stage in ductile fracture comprises in the voids coalescence into the fracture zone.
This causes softening of the material and accelerated growth of the void fraction f* until the
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fracture void fraction fF is reached. At this moment the material is fractured. The model of
ductile fracture requires knowledge of 9 parameters: three model parameters (q1, q2 and q3),
the initial void fraction f0, three void nucleation parameters (εN, sN and fN), two failure
parameters (fc and fF). The model parameters for titanium alloy VT 5-1 were determined by
numerical simulation of experiments on the tensile samples in the velocity range from 20 to
0.4 m/s. Numerical values of model parameters are given in Table 4.
Table 4 - Dimensionless parameters of the GTN model for the VT 5-1 (Ti-5Al-22,5Sn) sheets
Parameter

q1

q2

q3

f0

fN

fc

fF

εN

sN

1

0.7

1

0.003

0.1156

0.117

0.260

0.05

0.005

The model was used for simulation of titanium samples under tension at constant velocity
from 20 m/s to 0.4 m/s.
RESULTS AND DISCUSSION
The tensile tests were performed on samples of VT 5-1 (Ti-5Al-22,5Sn) alpha titanium alloy
characterized by different geometries, in order to vary both the stress triaxiality and Lode
parameter. The tests were carried within the range of strain rates (16 ̶ 833 s-1) at room
temperature using an Instron test machine VHS 40/50-20 with a 50 kN loadcell. The tests
were conducted at constant tensile velocity 20±0.01, 12±0.01, 2.4±0.002, 0.4±0.001 m/s.
Tests were divided into three groups: (I) uniaxial tensile tests carried out on smooth
specimens, characterized by positive values of both the stress triaxiality and Lode parameter.
The second group is pure shear tests. The third group is uniaxial tensile tests carried out on
flat notch specimens. Two values of notch radius, 2 mm, and 10 mm, were used in this study.
The true stress versus true strain at room temperature and strain rate 834 s-1 (at the velocity 20
m/s) are shown in Figure 1(a). Measured values of strain to fracture at strain rates 833±5, 418
±2, 100±1, 16.7±1 s-1 of smooth and notch samples are shown in Figure 1(b).
Photos of fractured samples after tension are showed in Figure 1(b). The true flow stress
versus true strain at room temperature and strain rate 834 s-1 (at the velocity 20 m/s) are
shown in Figure 1(a). Measured values of strain to fracture at strain rates 833±5, 418 ±2,
100±1, 16.7±1 s-1 of smooth and notch samples are shown in Figure 1(b).
1.50
1

True stress (GPa)

1.25
1.00
0.75

2
3

4

0.50
0.25
0.00
0.00

0.05

0.10

0.15

0.20

True strain

Fig. 3 - True flow stress versus true strain for smooth samples (η=0.33) at room temperature. Curves 1-4
correspond to velocities of tension: 20±0.01, 12±0.01, 2.4±0.002, 0.4±0.001 m/s, respectively.
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Strain to fracture
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0,12
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0,11
0,10
0,3

0,4

0,5

0,6

Stress triaxiality η

Fig. 4 - Strain to fracture of titanium VT 5-1 samples under axial tension at velocities 20, 12, 2.4,
0.4 m/s and at the initial stress triaxiality η: 0.3333, 0.4087, 0.4681, and 0.5491.

Calculated effective plastic strains, effective stresses, and tensile strength in the notched
sample with R=10 mm are shown in Figures 3 and 4. Velocity of tension is 20 m/s. Figures 5
(a), (c), (e) corresponds to strain of 0.11. The simulations demonstrate the important role of
strain localization phenomena in the fracture processes. The calculated plastic strain
distributions in the necked zone around the center of the flat sheet sample are presented in
Figure 3(a). Around the center, two shear bands are formed. Figures 5 (b), (d), (f) show the
configuration of crack. Calculated crack have good agreement with experimental data (see
Figure 1 (b)). Good agreement of the location, shape and length of the cracks with the
received in this work experimental data was obtained also at tension velocities 12, 2.4 and 0.4
m/s.

(a)

(b)

(d)

(e)

(c)

(f)

Fig. 5 - (a), (b) Calculated effective plastic strain, (c), (d) effective stress, and (e), (f) σ1 tensile stress
under axial tension at the velocity ~20 m/s
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The simulation results in Figure 6 demonstrate that changes in stress triaxiality in the necking
zone have a significant influence on the plastic flow stress and evolution of damage in the
alpha titanium alloys at high strain rates. Therefore, the true stress obtained from analytical
relations (3) is underestimated relative to the values obtained by numerical simulation. The
introduction of the stress triaxiality in the plastic flow model is important for prediction of
damage evolution under deformation especially at high strain rates.

1,8
1,6

VT 5-1

R=2

3

1

1,4
True stress (GPa)

Tension 20 m/s

1,2

4

1,0
0,8

2

0,6
0,4
0,2
0,0
0,00

0,02

0,04

0,06

0,08

0,10

0,12

True strain
Fig. 6 - Analytical (curves (1), and (2)) and numerically calculated (curves (3), and (4)) true strain versus true
stress in notch sample (R=2 mm) at the velocity of tension 20 m/s. Curves (1), and (3) correspond to notch zone.
Curves (2) and (4) correspond to smooth zone of samples.

Damage kinetics in alpha titanium alloys is connected with macroscale plastic instability. This
paper presents the experimental and theoretical results that demonstrate the importance of an
adequate description of the processes of instability of deformation in titanium alloys. The
study of instabilities of plastic deformation of HCP alloys including a test at elevated
temperatures below temperature of α→β phase transition is of interest for the development of
promising engineering applications.
SUMMARY AND CONCLUSIONS
Tensile tests at strain rates from 0.01 to ~850 s-1 were carried out on smooth and notched
sheet samples of VT5-1 alloys in order to simultaneously change stress triaxiality and Lode
parameter. It was found that strain rate in the range from 10 to ~850 s-1 and stress triaxiality
factor are noticeable influenced on the yield stress and the strain to fracture of alpha titanium
alloy. Parameters of Johnson-Cook and Zeriillii-Armstrong constitutive equations and
Gurson-Tvergaard-Needleman failure model of VT 5-1 alloy were estimated using the tensile
test results. The constitutive equations and fracture model were calibrated by numerical
simulation of the mechanical behavior of VT 5-1 alloy under tension in a wide range of strain
rates. A good predictability of the strain to fracture of alpha titanium alloy was shown the as
function of strain rate and temperature.
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HIGH POWER SPALLATION NUETRON SOURCE
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ABSTRACT
Intensive proton beam is injected to the mercury target to induce spallation reaction and
produce neutrons in MLF/J-PARC. The moment the proton beams bombard the target,
pressure waves are generated in the mercury by the thermally shocked heat deposition, which
generates cavitation and influence the structural integrity. An in-suite monitoring system on
the pressure wave response and cavitation phenomenon was developed and installed in the
spallation neutron source in MLF/J-PARC. Innovative data analysis method was developed
based on wavelet analysis technique.
Keywords: neutron, spallation, mercury, pressure wave, cavitation.
INTRODUCTION
Neutrons are used for the innovative research that will bring about breakthrough in scientific
and engineering research fields, i.e. fuel cell, hydrogen embrittlement, protein structure,
medicine, etc. High power spallation neutron sources are developed in the world. Liquid
metals; mercury, lead, lead-bismuth eutectic, have the benefits for pulse spallation neutron
sources because of the high neutron yielding efficiency and usage as a coolant, and is
available as high power target materials to produce intensive neutrons by spallation reaction
that is caused by the bombardment in liquid metals with high-energy protons. The pulsed
spallation neutron sources with mercury are being operated at the MLF (Materials and Life
science experimental Facility) in the J-PARC (Japan Proton Accelerator Research Center) in
Japan and SNS (Spallation neutron Source) in US, which are standing on the way to increase
the power up to MW-class. Herein, the mercury cavitation becomes severe problem to
increase the power.
The relationship between damage, cavitation aggressiveness, pressure waves, and proton
beam power has been discussed based on the experimental data obtained under in-beam and
out-beam conditions. Also, mitigation technologies have been discussed, theoretically and
experimentally, in order to reduce the pressure waves due to thermal shock (Futakawa, 2008).
Therefore, the cavitation phenomenon gets to be a crucial issue to increase the power in the
mercury target for the pulsed spallation neutron sources.
The laser Doppler vibrometer (LDV) system was installed to investigate the dynamic
responses of the target vessel induced by the proton beam injection into the mercury as shown
in Figure 1 (Teshigawara, 2010). In order to mitigate the pressure wave, He-microbubbles
were injected into the flowing mercury in the target vessel. Through the LDV system, the
correlation among the proton beam power, microbubble injection, vibration amplitude was
investigated by using the newly developed data analytical method.
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Fig. 1 - Laser Doppler vibrometer unit

RESULTS AND CONCLUSIONS
The vibrational time-responses of target vessel were successfully measured and measured data
were analyzed by using the newly developed technique based on the wavelet analysis. The
frequency components were divided into some phenomena: structural vibration SV, acoustic
vibration related with cavitation incidents AVC, flow induced vibration FIV. The SV is
almost linearly related to the power and the AVC has the threshold and increased with the
power beyond the threshold and the FIV is hardly dependent on the power. These data were
compared with the laboratory experimental data. In the future, the big-data analysis will be
applied to predict the replacement timing of the target vessel before the catastrophic failure
incident.
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ABSTRACT
This paper presents an investigation of strain localization phenomena during tension of a β-Ti
alloy Gum Metal that can deform reversibly to large strains (around 2%). Digital image
correlation (DIC), with the especially developed PAN algorithm at IPPT, and infrared
thermography were used to determine strain and the related temperature distributions with
high accuracy. The analysis of strain and temperature distributions showed that the increase in
the strain rate affects both the onset and development of the strain localization process.
Keywords: infrared thermography, thermomechanical behavior, gum metal.
INTRODUCTION
Since the first reports on Gum Metal published in English in 2003 [1], main research
directions in several studies focused on the role of chemical composition, in particular oxygen
content which significantly influences the Gum Metal properties hindering stress-induced
phase transformations, specifically in the nonlinear range of initial deformation.
To the best of the author’s knowledge, an analysis of the strain localization phenomena in the
Gum Metal basing on effects of mechanical and thermal effects has not been reported too
often. Therefore, the goal of the presented paper was to study and discuss the nucleation and
development of the strain localization in Gum Metal, basing on the results of
thermomechanical couplings [2]. The thermal response of the Gum Metal under loading
reveals the thermodynamic nature of the governing deformation mechanisms, which are still
discussed in the literature. Correlation between the mechanical behavior and the thermal
response of the alloy was analyzed in details for critical instants of the loading. Nucleation
and development of the strain localization, leading to the Gum Metal specimen necking and
rupture, were discussed.
RESULTS AND CONCLUSION
The set-up consists of MTS 858 testing machine and two cameras working in two different
spectral ranges, i.e. in visible range (0.3 - 1 µm) Manta G-125B camera and in infrared range
(3 - 5 µm) ThermaCam Phoenix IR camera placed on the opposite sides of the specimen. One
side, observed using visible range camera, was covered with speckle pattern of paint with
micrometer size metal particles in order to perform DIC (Figure 1b). The other one, observed
by IR camera, was covered by soot to increase and uniform the surface emissivity as to
determine the temperature distribution with high accuracy. The strain measurements were
performed using a mechanical extensometer. A photo of the experimental set-up is shown in
Figure 1(a). Shape and dimensions of the Gum Metal specimen are presented in Figure 1(b).
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(a)
(b)
Fig. 1 - (a) Photo of experimental set-up; (b) Gum Metal specimen geometry and surface
prepared for DIC analysis

Stress-strain curves and corresponding temperature distributions obtained for the strain rate
10-1s-1 are presented in Figures 2 (a) and (b), respectively. Thermogram (1) was captured
before the loading, thermogram (2) pointed maximal drop in temperature (thermoelastic
effect), thermogram (3) showed increase in temperature, thermogram (4) depicted localization
effects leading to the specimen necking and rupture noticed in thermogram (5).
(1)

(2)

(3)

(4)

(5)

(b)

(a)

Fig. 2 - (a) Stress and temperature vs. strain and
related temperature distribution for Gum Metal in
tension at 10-1s-1. (b) Stress, maximal ∆Tmax and
mean ∆Tmean temperatures vs. strain with thermogram
(left side) and corresponding Eyy strain component
distributions (right side) obtained for the strain 0.07
pointed by vertical dashed line

Effects of thermomechanical couplings occurring in Gum Metal subjected to tensile loading at
high strain rate were investigated using digital image correlation and infrared thermography.
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ABSTRACT
In the machining process the lathe, controlled by someone, is responsible for transform the
unprocessed material in a piece according to specifications previously established. The
inherent vibration in the process can be extremely harmful to the final product. This work
proposes to realize the three-dimensional monitoring of these vibrations using the triaxial
accelerometer.
Keywords: vibration, triaxial accelerometer, monitoring, three-dimensional.
INTRODUCTION
The machinability can be considered a property of the material, whose measurement depends
on the parameters of the machining process. According to Trent, (1991) machinability is not a
property, but the mode of material behaves during grinding. In general, this can be defined as
an amount indicating the ease or difficulty of machining a material (MACHA-DO, 2004).
Some of the parameters used to evaluate machinability are shear force, tool life, surface
finishing, wear rate and shear temperature, with test conditions being a key factor in
determining the machinability of a material.
The machining process with the chip removal in which a crude cylindrical solid is
transformed by removing chips from its periphery in order to obtain a cylindrical object with
defined and precise shapes. In this process, the workpiece rotates about the main axis of the
machine and the tool travels in a path in the same plane of said axis. During the chip
formation, much of the energy generated is converted into heat, causing high temperatures in
the region that can cause thermal damage to parts and compromising their surface integrity,
with the emergence of cracks, distortions, residual stress and non-dimensional conformities
(Trent).
The vibrations of the machine-tool-piece assembly are inherent to the process, however, they
can cause damages such as the early wear of the cutting tool, problems with the roughness of
the part to be manufactured, losses in dimensional reliability and reduction of the life of the
tool itself equipment. Thus, the present article proposes the monitoring of such vibrations in
three dimensions using the triaxial accelerometer.
RESULTS AND CONCLUSIONS
Experiments were performed in the Department of Mechanics and Materials of the Federal
Institute of Maranhão using the assembled prototype. According to the specifications of the
previous session in a NARDINI type ND 195 S. Figure 1 shows the results of one of these
experiments with rotation equal to 400rpm, 1,30mm advance and 1mm depth.
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Fig. 1 - Responses in the frequency domain. The value of gravity on the z axis was disregarded.

Observing the image above, it is possible to see that the results obtained are in agreement with
the expected ones, since the graphs have an oscillatory character, typical of equipment that
has a rotating mass, as is the case of what is being worked on.
Considering the above, it is clear the need to study and treat such vibrations in order to allow
optimum use of the equipment. For this purpose, it is proposed the analysis of the threedimensional behavior of the vibrations acting using the Doehlert Experimental Planning. The
use of experimental planning allows for your team, the reduction of tests necessary, while
maintaining the reliability of the data obtained and the simultaneous study of several
variables, separating their effects. In this case, the goal is to study the effects of cutting speed
and breakthrough in the machining process, based on the acceleration present in each axis.
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ABSTRACT
This work aims to realize a method for the tracking of the field of displacements using a
stereo correlation procedure. A program has been designed for this, the latter gives to the user
the opportunity to choose the tracking mode either of the characteristic points or a random
speckle placed on the object to be studied. A well-explained approach has been developed to
arrive at precise metric results, starting with the calibration step, and then selecting the
follow-up algorithm according to the procedure, arriving at this stage with the calibration
results and the 2D correlation for each series of images, one will have the 3D displacement of
each point. The program was validated with different test directions (tensile, flexural and deep
drawing), while determining the characteristics of the material used and the significant
quantities for each test, as it was used for the validation of robots of different architectures
(Parallel, serial, delta).
Keywords: Stereo-correlation, stamping, deformation field.
INTRODUCTION
The application of heterogeneous materials or the complex stressing of materials reveal fields
of displacement whose multi-scale analysis is indispensable in relation to their microstructure.
This is why researchers develop reliable techniques for measuring fields of displacement and
deformation which is paramount if one wishes to characterize the (heterogeneous) mechanical
effects on a fine scale. The development of a technique allowing the measurement of the
kinematic field helps in the modeling of heterogeneous materials and the complex structures
that play a primordial role. Everything starting with the problem of measuring displacements
or deformations in several fields concerning the behavior of materials using contact sensors
such as strain gauges which provide one-way and point measurements, in addition to other
disadvantages such as Sensitivity of the gauges to the parasitic forces resulting from the
connection between the sensor and the sample used, which influence the measurements taken.
The development of computers and photography equipment, new monitoring techniques are
developed, it is the image correlation measurement (2D), they have imposed themselves in
recent years thanks to their non-intrusive characters, absence of Contact, their large spatial
resolutions in addition to the high sensitivity. With technological development and the
emergence of new ways of manufacturing increasingly complex parts with three-dimensional,
nonplanar shapes, where more advanced techniques of correlation of images had to be found.
Finally, the solution is the Stereo Image Correlation that couples image correlation with
stereovision, enabling the measurement of 3D shapes, as well as displacement fields.
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The applications of this technique have been developed in many fields such as experimental
mechanics, materials science, civil engineering, electronics, biomedical ... etc.. But also at
several spatial scales ranging from electron microscopy to the scanning of large pieces. Make
universal?
A number of examples illustrate the use of this technique in the mechanics of solid materials
and structures. The following conclusions were obtained, the resolution of the image
correlation technique is sufficient to allow the identification of the elastic properties, Plastics
and to observe the signs before fracture.
The stereo image correlation technique is becoming more and more famous due to its
application in different domains, but it is still sought to universalize this technique for all
applications, because each research axis finds that a correlation process is better than the
other, in addition it is a technique with several variables (luminosity, angle between the
cameras, follow-up of characteristic points, follow-up of flechetisetc ...). In order to solve the
problem raised previously, a program was created that unifies the process of stereo correlation
for the different applications.
This program allows the user to choose between automatic search (speckle) or manual
(characteristic points). The automatic search is applied to the random speckle, but since the
operating conditions are not always favorable, our program gives the choice between two
correlation processes:
 KLT (Lucas, Kanad, Thomasi);
 SURF (Speeded Up Robust Futures).
The difference between these two processes lies in the sensitivity and the calculation time of
each one, for the same image treated the number of correspondence will be different
depending on the operating conditions (luminosity, nature of the speckle, quality of the
images).
With regard to manual tracking, it can be used for robot validation, metrology where we have
a limited number of points to follow.
I. EXPERIMENTAL PROCEDURE
I.1 Calibration of Cameras
An important task in 3D computer vision is the calibration of the camera, especially when
metric information is required for applications involving accurate dimensional measurements.
We take different photos of the patterns by changing the depth and the rotation, while
guaranteeing the appearance of the complete test pattern, then using MATLAB we can
calibrate and determine the intrinsic and extrinsic parameters of each camera, Figure 1.
-

Focal length: fc_leftfc_right

-

Main point:

cc_leftcc_right

-

Distortion:

kc_leftkc_right
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Fig. 1 - Calibration by the test pattern

I.2 Stereo Calibration
The calibration of the stereo platform is processed by calibrating each camera independently
and then applying the geometrical transformation of the external parameters to determine the
geometry of the stereo platform.
The finality of this step will be the extrinsic parameters of the stereo platform defining the
relative position of the left camera with respect to the right camera:

I.3

-

Rotation Vectors: R;

-

Translation vector: T.
Tracking

This step is very detailed in Figure 2, it makes it possible to determine for each point in a
corresponding sound image in another image, this step can be done either manually or the
selection of the points and their corresponding ones is done by the user as the or by tracking
processes such as KLT or SURF, such as the tensile or flexure test. The correspondence is
done in space (between left and right images) and in time (between image to t and images at t
+ dt).
I.4

Triangulation

Now, we proceed to the triangulation, which is simply the determination of the third
dimension for each point while using the coordinates of each point in the left and right image
at each instant, the intrinsic and extrinsic parameters, Have the coordinates of each point in
space at every moment.
I.5 Preparation of the Specimens
A surface speck of natural origin (relief, texture ...) or artificial (spray of black or white paint,
etching relief ...) with gradient gray levels is used to ensure the success of the correlation
process (see Figure 3).
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Fig. 2 - Tracking process

Fig. 3 - Preparation of the specimens

I.6 Evaluation of Speckle
The figure below shows the quality of the speckle. The histogram of the gray levels
approximates an "ideal" histogram with a distribution over the entire range of values (from 0
to 256). The half-height of the centered and normalized autocorrelation function gives us the
radius of autocorrelation (or average size of the spots of the speckle).

Fig. 4 - Histogram of gray levels

I.7 Installation of the test bench
Stereo image correlation is a technique that involves several factors, such as light, image
quality, resolution, angle between cameras ... etc.
According to the tests carried out to master this technique, and to be able to pass tests assisted
by this technique, one must take into account:
1. The angle between the cameras: the perfect angle range is around 20 °, below this
value, the common area between the fields of view of the two cameras decreases, and
thus even the number of points of correspondence, On the other hand for angles
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greater than 20 °, there will be a deformation of the speckle in both images, which
influences the matching process and decreases the number of matches.
2. Auto Focus: Among the intrinsic parameters of the cameras is the focal distance, this
feature is influenced by the auto focus, so it must be deactivated to pass the calibration
step.
3. Lighting: use a parallel illumination to the front, so avoid flash cameras, because
changing the position of the light source affects the detection of points of interest,
especially in the Case of cylindrical specimens.
II.

RESULTS AND DISCUSS

The results are given in the following tables:
II. 1. Results of the Calibration
Table 1 - Intrinsic parameters of left camera
Focal length(x)

Values (pixels)

Errors

2558.51

20.32702

Focal length (y)

2569.00

40.56778

Main point (x)

1640.51

10.24712

Main point (y)

1162.37

58.69807

Distortion parameters (radial, then tangential)
Kc_1

0.068

0.001

Kc_2

-0.196

0.02

Kc_3

-5.500e-5

0.000

Kc_4

-0.002

0.00061

Table 2 - Intrinsic parameters of right camera
Values (pixels)

Errors

Focal length (x)

1535.47677

219.32702

Focal length (y)

1558.71797

226.56778

Main point (x)

845.72417

122.24712

Main point (y)

392.45205

58.69807

Distortion parameters (radial, then tangential)
Kc_1

0.0550

0.00188

Kc_2

-0.1534

0.05325

Kc_3

-0.0032

0.00801

Kc_4

0.0052

0.1561

II.2 Stereo Calibration Results
Extrinsic Parameters (after optimization)
Rotation vector: om = [0.00788 0.08773 -0.02057]± [ 0.00096 0.00827 0.00392]
Translation vector: T = [-17.03075 2.827024.68061]± [ 7.70866 0.56062 0.85337]
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II. 3 Validation of the Program
To prove that the program is efficient, we have to validate it with known dimensions, for this
we took a cube whose dimensions are known (45 x 45 x 45 mm3), and we recalculate these
dimensions using our program, we obtain the results shown in the table below:

Fig. 5 - Validation curve

The slope of the graph is a = 1.0084, which is practically equal to unity, which shows the
strong similarity between the measured distance and the true distance, which allows us to
validate our program.
II. 4 Execution of the Tensile Test
This tensile test is applied to a polyamide specimen (YOUNG module: 2.8 GPa, Poisson's
ratio: 0.27)

Fig. 6 - The specimen in the initial state.

Fig. 7 - Displacement field for the tensile test.
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Fig. 8 - 3D displacement field for the tensile test.

After showing the kinematic field, the concentration of stress in the zone of constriction in the
middle of the test piece, which appears in the yellow color, is clearly visible, with points near
the upper jaw more or less fixed.
Subsequently, we will follow the displacement of two points max and min at different times,
the following graph shows the displacement as a function of time:

Fig. 9 - Tracking of points at displacement max and min

In order to see closely the interest of this test, we will determine the fish coefficient of this
material, knowing that in the literature, the value of this coefficient is 0.27, in order to
determine the practical value, traceεz=f(εx), car:εz = -υεx

Fig. 10 - Deformation according to z as a function of
deformation along x

Fig. 11 - Stress as a function of strain

According to the egg-laying of the graph which represents the coefficient of fish, we see that
this technique is effective, it presents an error of 1.52%. Then, we will evaluate the YOUNG
modulus, by plotting the traction curve. According to Hook's law, the laying of the graph
represents the YOUNG modulus.
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According to the equation of the trend curve, we can derive the value of the YOUNG module
found by our program, which is E = 2.866 GPa, comparing this value with that available in
the literature, which is E = 2.800 GPa, there is an error of only 2.36%, which is due to
calibration errors or the quality of the images.
I.7.1 Bending Test Results
In the following graph, we represent the points in 3D space, and to simplify the visualization,
we put them in coordinates (X, Y, Z) where Z is the module of the displacement vector.

Fig. 12 - The specimen during the loading.

Fig. 13 - Displacement field for bending test

From the results obtained, it is found that there are three zones which are formed:
-

At the extremities, the displacements are weak;
In the center, the displacement is important (arrow max), danger zone.

Fig. 14 - Tracking point with max and min displacement.

I.7.2 Results of Stamping Test
In this case we used 5 pairs of images (left and right), and we followed 5 points on the same
radius (Figure 15), since the deformation is axisymmetric, for 5 different instants. The
following table shows the instantaneous cumulative displacements of each point cited in the
previous figure.
Table 3 - Follow-up of stamping points for different instants
point 1
point 2
point 3
point 4
point 5

instant 2
1,70
1,67
3,30
3,11
2,38

instant 3
4,68
7,89
8,17
7,05
5,10
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instant 4
5,21
9,10
12,37
9,03
8,74

instant 5
5,40
11,86
12,56
9,99
9,87
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And here is the graphic representation of the different movements in different moments:

Fig. 15 - Déplacement des points suivis en fonction du temps

It is noted that the displacement is more important for the second and third points. Comparing
with other works, it is found that the displacement is greater at the level of the skirt and
moreover at this level that it is likely to cause a shearing of the stamping (Figure 17).

Fig. 16 - LS-DYNA stamping simulation results

Fig. 17 - Tracked points

CONCLUSION
The digital correlation technique presented here allows the determination of displacement and
deformation fields. In its multi-scale version, small deformations as well as very large
deformations can be measured between two consecutive images.
An alternative approach to identification has been developed for the determination of elastic
properties from measurements of displacement fields on the surface of a sample. It is based on
a finite element formulation of the equilibrium deviation for which displacements the elastic
properties are unknown. These have been assumed to be constant on each element. The
current development and use of reliable, accurate and robust displacement field measurement
techniques allows the characterization of fields of mechanical properties. All these
developments open the door to the dialogue between experiment and calculation in the
modeling of materials and structures in which field measurements and identification are the
hyphen.
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We presented in this paper the binocular stereo technique based on the correlation which can
measure:
 The 3D shape of a static object;
 The deformed object undergoes mechanical stress in 3D.
The main advantages of this technique are:
• No regular grid should be applied to the room; Just mark it with a pattern that can be done in
seconds with an aerosol paint, a single pair of stereo images can calculate the 3D shape of the
deformed surface.
• We obtain a dense 3D reconstruction composed of more than 1.3 M of data points. The
meshes used to calculate the local deformations are generated at the processing level from the
dense 3D reconstructions provided by the stereo-correlation algorithm.
• We can generate meshes of all sizes.
For the easy use of this technique using our program, we propose an algorithm to follow,
result of our tests and tests.
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ABSTRACT
To model and predict dynamic fracture of glass accurately, several computational methods in
LS-DYNA software were reviewed. Bond-Based Peridynamics (PD) computational model
were adopted due to its advantages to deal with damage and fracture behavior of glass without
failure criterion. Based on this method, the fracture process of the glass under the explosion
load of different amount of explosive was simulated. Simulation results show that damage
arises in the border of glass panel and propagate to the center quickly. The more explosive
mass, the less size of glass fragments.
Keywords: explosion load, soda-line glass, peridynamics, numerical simulation.
INTRODUCTION
In recent years, many bombing terrorist attack and accidental explosion occur from time to
time around the world. Under explosion load, the building glass would fracture and produce a
lot of flying debris very easily, which would cause a large number of loss of life and personal
injury, and property loss. Therefore, it is significant to study the fragmentation of the glass
under explosion load for the design of glass doors and windows.
There are many methods in LS-DYNA software which can simulate the generation of crack
and the fracture process of the glass: (1) Delete the failure elements method. It can be
achieved as follows: using the material model with failure criterion, such as
*MAT_STRAIN_RATE_DEPENDENT_PLASTICITY, or adding failure criterion such as
principal stress, principal strain or tensile stress with keywords *MAT_ADD_EROSION; (2)
Nodes separation method. The nodes which are at the same location are fixed by
*CONSTRAINED_TIED_NODES_FAILURE (Shi, 2015). When the plastic strain reaches a
certain level, the nodes disconnect with each other and the crack forms; (3) Using constitutive
model containing damage model, i.e., *MAT_JOHNSON_HOLMQUIST_CERAMICS
(Wang, 2016), which also contain element failure criterion. The crack can be expressed with
damage; (4) Insert cohesive elements between adjacent elements; (5) XFEM method； (6)
EFG, SPH and DEM method. These methods have certain shortcoming in respect of crack
propagation. For the first four kinds of methods, we need know the form, the size and the
starting position of the crack in advance. The mesh should be obtained pointedly. The fracture
failure or damage model is also needed, and the simulation result has a strong dependence on
the grid. For the last two kinds of methods, there is no direct connection between the strain
softening of the material and the critical energy release rate. XFEM method allows the crack
extends along the surface of the elements, and this method usually is combined with cohesive
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elements method to deal with the crack propagation problem of brittle material. The
disadvantage of XFEM method is as follows: the gird should remesh repeatedly, and the
calculation process take a lot of time; the crack branching aren’t allowed, and it is unsuited
for the crack propagation and the interaction between several crack; it can be used for shell
element only, and it can’t be used for the simulation of three-dimension crack propagation.
EFG, SPH and DEM are meshless method, and they are unstable when deal with several
crack.
To overcome the difficulty of traditional numerical simulation method on discontinuity
problem, and predict the initiation and propagation of the crack, Silling et al. (Silling, 2000)
proposed Peridynamics (PD). Based on this method, many researchers (Hu, 2013) simulated
the fragmentation problem of glass under striking. This method was insert into LS-DYNA
software in 2015. The PD method doesn’t model based on the continuity hypothesis, and there
is no need for the external failure criterion. The crack can initiate and propagate naturally. The
dependence on the computational grid was eliminated completely. There are two kinds of PD
methods: Bond-Based Peridynamics and State-Based Peridynamics) (Silling, 2007), which is
used for the simulation of crack of brittle material and ductile material separately. The sodaline glass is a kind of brittle material. In this paper, Bond-Based Peridynamics would be used
to investigate the dynamic fracture problem of glass under explosion load.
BOND-BASED PERIDYNAMICS METHOD
The traditional numerical simulation methods, such as finite element model theoretical, are
based on continuum mechanics. The governing equations of these methods contain the
derivation of space. As a result, there is singularity when dealing with the discontinuity
region, such as crack, while PD method is a meshless method which is based on the non-local
scope theory. The object is discretized into material point at a series of spatial domain. The
state of any material point is influenced by the material points which are within a finite radius.
The motion of the material point is described by integral equation. This theory is broken
through the solving bottleneck of continuum assumption and the discontinuity problem of
space differential equation.
The Bond-Based Peridynamics can be seen as the molecular dynamics from the macroscopic
point of view. The equation of motion of arbitrary point (X) at the time of “t” can be
described as follows,
&=
ρu&

∫ f (u( X , t ) − u( X , t ), X
'

'

− X） dV X ' + b( X , t )

HX

Where H X is the neighbourhood in a radius of δ ; H X = {X || X − X |≤ δ }; “f” is the force
'
function between the connection point X and X ; b is the density function of external force.
'

'

Introduce two variables, relative location ξ and relative displacement η ,
Where
ξ = X' −X ,

η = u( X ' , t ) − u ( X , t )

The force takes effect in certain neighbouring regions,
When

ξ >δ

, f（ η , ξ） = 0 .
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The newton's third law is also applicable,
f（ - η ,-ξ） = - f（ η , ξ )

.

In Bond-Based Peridynamics method, the material is seen as micro-elasticity. So, the force
can be obtained as follows,
f（ η , ξ） = ∂w(η , ξ )

∂η .

Where w(η , ξ ) is the potential-energy function, which is the elastic energy existing in the
bond.
The total potential energy of the bond in point X is,
W =

1
2

∫ w(η , ξ )dV

X'

HX

.

In the micro-elasticity material,
w( η , ξ ) =

1 2
cs ξ
2
.

Where c is the micro-modulus, and it is a constant, which can be obtained with bulk modulus
k,
c=

18k

πδ 4

s is the elongation of the bond,
s=

ξ +η - ξ
ξ

.

Under small deformation condition, the force function is,
f（ η , ξ） = csξ

ξ

.

When the elongation of the bond between two points exceed the critical value sc , the bond
disconnect. sc is related with the breaking energy Gc of classical fracture mechanics.
Under three-dimensional condition,
Gc =

πcsc2δ 5
10

.

THE SIMULATION MODEL OF GLASS BROKEN
In the simulation, soda-line glass was used, whose length, width and thickness was 1m, 1m
and 8mm. The glass was fixed constraint by window frame. The geometric model was shown
in Figure 1. In the simulation model, the grid size in the direction of the length, breadth,
thickness of the glass pane was 5mm, 5mm and 4mm. In PD method, each glass element was
separately with the element adjacent, and they didn’t have same nodes.
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Fig. 1 - The geometric model

The window frame used *MAT_RIGID material model. *MAT_ELASTIC_PERI model was
3
used for the glass, where the parameter was chosen as follows: density ρ = 2440kg/m ,
2
elasticity modulus E = 72GPa , fracture energy G c = 8J/m . In PD method, the poisson ratio is
chosen as 0.25.

The
contact
form
between
the
window
frame
and
the
glass
is
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE. The mass of the explosive is
0.6kg, 0.8kg, 1.2kg and 1.6kg, respectively. The centre of the explosive ball and the centre of
the glass are at the same height, and their distance is 5m.
The explosion load was applied to the surface of the glass by the keywords *LOAD_BLAST.
This keywords adopt ConWep explosion load model (Glenn, 1997). ConWep model was
based on the summary and analysis of a large number of test data for explosion, and it is
accurate and reliable. The load calculation for elements at different location can be described
as
Pl = Pr cos 2 θ + Pi (1 + cos 2 θ − 2 cosθ )

.

Where Pr is normal reflected pressure, Pi is incident pressure and θ is the included angle
between the element normal and the connecting line between element centre and explosion
centre.
The explosive blast has positive pressure section and negative pressure section. After the
explosion of 0.6kg explosive, Figure 2 shows the incident pressure curve and reflected
pressure curve 5m away from the explosion centre with ConWep model. It can be seen from
this figure that ConWep model only considers the positive pressure section.
RESULTS
Figure 3 shows the fracture process of glass under the explosion load of 0.6 kg explosive.
Assuming zero time was the explosion time of the explosive. At 9.7 ms, the shock wave
arrived in the middle of the glass. At 10.5 ms, the first annular crack initiated at the inner edge
of the window frame. At 11ms, the second annular crack initiated at 0.12m away from the
inner edge of the window frame. Then it cut-through with the first annular crack along the
catercorner.
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Fig. 2 - After the explosion of 0.6kg explosive, the incident pressure curve and reflected
pressure curve 5m away from the explosion center

The fragmentation region gradually got bigger and bigger at the corner of the glass, which
was caused by the reflection and the superposition at the corner. At 11.5 ms, the third
annular crack initiated at 0.17m away from the inner edge of the window frame. Then it cutthrough with the second annular crack along the diagonal. At 13ms, the breadth of the crack
increased. The second and the third annular crack connected with each other at many spaces.
At the same time, many radial pattern crack initiated at the centre of the glass, and these
pattern crack connected with the annular crack. Then big fragment formed. At 24 ms, the
broken square block at the centre of the glass completely separated with the noumenon, and it
flied off in the loading direction, while the surround glass flied off in the opposite direction.
Ge et al. (Ge, 2014) found the phenomenon of opposite direction flied off in the building
glass explosion experiments. He thinks this phenomenon is caused by the negative pressure
section of the shock wave. ConWep loading model doesn’t include the negative pressure
section of the shock wave, but the simulation result of this paper indicate that the positive
pressure of the shock wave can cause the opposite direction splash of the glass fragment. It
may be caused by the fluctuation effects of glass pane under the explosive load.
Compared Figure 3b with Figure 3c, and compared Figure 3g with Figure 3h, it can be found
that the destruction of the backside (back to the explosion) of the glass is bigger than that of
the front side of the glass (faces the explosion) at the same moment. It is caused by the tensile
wave at the backside of the glass.
Figure 4 shows the side image of glass broken under the explosion load of 0.6kg explosive
(Time=24ms).
Figure 5 show the fragmentation image of the glass under the explosion load of various
amount of explosive (the time is 26us). The velocity curve for the central point of the glass
under various amount of explosive is shown in Figure 6. It can be seen that more explosive
would cause stronger and higher velocity shock wave, glass fragment with smaller size, and
central point of the glass with higher velocity.
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(a) Time=10.5ms (toward to the explosion)

(b) Time=11ms (toward to the explosion)

(c) Time=11ms (back to the explosion) (d) Time=11.5ms (toward to the explosion)

(e) Time=13ms (toward to the explosion)

(g) Time=24ms (toward to the explosion)

(f) Time=18ms (toward to the explosion)

(h) Time=24ms (back to the explosion)

Fig. 3 - The fragmentation process of the glass under the explosion load of 0.6 kg explosive
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Fig. 4 - The side image of glass broken under the explosion load of 0.6kg explosive (Time=24ms)

(a) 0.6kg explosive

( b) 0.8kg explosive

(c) 1.2kg explosive

(d) 1.6kg explosive

Fig. 5 - The fragmentation image of glass under the explosion load of different amount of
explosive (Time=26ms)

Fig. 6 - The velocity curve for the central point of the glass under various amount of explosive
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CONCLUSION
This study shows that Bond-Based Peridynamics method is well suited for the simulation of
the initiation and the propagation of cracks in the fragile material. In this paper, the fracture
process of the glass under the explosion load of different amount of explosive was
investigated with this method. It can be conclude that:
1) Although the shock wave arrive in the centre of the glass pane first, the crack start at the
edge of the glass first. Then it propagates to the glass centre, and the glass centre
separates with the noumenon first.
2) The central area of the glass fly off in the direction of the loading, while the surrounding
glass fly off in the opposite direction. The reverse fly off isn’t caused by the negative
pressure of the shock wave.
3) The more explosive mass, the less size of glass fragments.
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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. This paper considers the interaction of a projectile with spaced
ribbed and uniform plates. This approach leads to the fragmentation of the projectile and then
to the deviation from the surface of the target.
Keywords: high-velocity projectiles, fracture, fragmentation, probabilistic approach.
INTRODUCTION
At present, structural elements can be protected against high-intensity dynamic loads (impact,
explosion) using the approaches as follows: the stretching of pressure pulses in layered fillers
by multiple reflection of waves from layers with different acoustic impedances and the energy
dissipation of pressure pulses during the plastic deformation of highly porous fillers or the
fragmentation of ceramic materials (Gerasimov, 2013). It is of interest to use porous and
functionally gradient materials (FGM) as protective layers in layered systems. These materials
with a continuous change in physical and mechanical characteristics in certain directions
consist of discrete-continuous layers with the increasing or decreasing values of acoustic
impedances for the case when the number of layers is increased. One of the parameters which
are varied in the chosen direction can also be the porosity of a protective layer. FGMs are
characterized by a continuous change in composition in a specified direction and are the
mixed materials, the component concentration of which is spatially distributed according to a
certain law (Gerasimov, 1999). It should be noted that in addition to the use of high physical
and mechanical properties and peculiarities of a material structure in protective systems, there
are a number of constructive methods which increase the protection of ground and space
objects. One of such methods for the protection of ground objects against high-velocity
projectiles is the throwing of spaced systems containing plates and rods from traditional and
composite materials towards projectiles (Gerasimov, 2016). The intensive dynamic
interaction leads to the deformation and partial fracture of projectiles, as well as to the
deviation from the impact line. As a result, a projectile either ricochets from the surface of a
target or deviates from a protected object and does not interact with the target. The
deformation and fracture caused by the interaction with a target reduce the penetrating
capability of the projectile and the probable damage to the main body of the protected object.
RESULTS AND CONCLUSIONS
A 3-D problem is solved considering the heterogeneity of the real material structure that
influences on the distribution of physical and mechanical characteristics over the volume of
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structural elements and is one of the factors determining the nature of fracture. To consider
this factor in the equations of deformable solid mechanics, it is necessary to use probability
laws for the distribution of physical and mechanical characteristics over the volume of the
structure.
The fracture of real materials is largely determined by the internal structure of the medium,
heterogeneities usually caused by the different grain orientation in polycrystalline materials or
heterogeneities in the composition of composite materials, and the different micro-strength
within the grain and at the intergranular or interphase boundary. Solving 3-D problems
requires the consideration of natural heterogeneities in the real 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 nature of fracture.
The technique for the calculation of elastoplastic 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 the calculation of contact interactions (Gerasimov, 2016). A threedimensional region is divided into tetrahedrons by using the numerical codes for the
automatic construction of a mesh.
The results of the interaction of a projectile with spaced ribbed and uniform plates are shown
in Figure 1. This approach leads to the fragmentation of the projectile and then to the
deviation from the surface of the target.

Fig. 1 - Interaction of a projectile with spaced ribbed and uniform plates

The calculations proved that the proposed approach and a numerical method developed on its
basis enable to simulate interactions of high-velocity long projectiles with protection systems
in a wide range of velocities and collision angles and to investigate the processes of projectile
and barriers fragmentation, as well as the nature of the emerging fragmentation fields.
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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. In both cases
positions of elements in space and their sizes were randomly assigned. 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 solid
frame strength. Based on the computer modelling results the influence of both porosity and
pore morphology on the stress-strain curves and the effective elastic and strength
characteristics is analysed. The calculated results were shown to 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 modelling of porous
materials can refer to three areas: (i) modelling 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 behaviour of these materials, including the
deformation response and especially the failure. The constitutive equations must take into account 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 continuum mechanics 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 Figure 1.

(a)
(b)
(c)
Fig. 1 - The computational results: (a) stress-strain curves for different pore 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 behaviour with instabilities of various materials including
porous ceramics.
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ABSTRACT
In the present paper, the hypothesis that all the perturbations of the stress-strain state observed
in solids and in geomedia propagating in the form of slow deformation fronts have a common
physical nature. The paper proposes a mathematical model that describes the related processes
of the evolution of a stress-strain state in a loaded unstable elastoplastic medium and the
formation and propagation of slow deformation fronts.
Keywords: slow deformation fronts, numerical modelling, critical states, geomedia.
INTRODUCTION
As is known, perturbations in continuous media are transmitted by stress waves with sound
velocities. There are also waves of plasticity (the Kol’skii waves), whose velocities are
noticeably smaller, but close in order. The velocities of tectonic flows, which are determined
by geological data and GPS measurements, are no more than a few cm / year, 14-15 orders of
magnitude lower than the sound velocities and characterize creep (Goldin, 2002). These
movements cannot be interpreted as waves. In the physics of plasticity, slow deformation
processes - the Lüders fronts, propagating in the form of plasticity waves have been studied
sufficiently well. The velocities of these disturbances occupy an intermediate value and are of
the order of 2×10-5 m/s. Similar deformation perturbations were found in geomedia. The
concept of Earth's deformation waves or "slow motions", whose velocities are 5...7 orders
lower than the sound velocities and 7...8 orders higher than the typical velocities of tectonic
flows have developed in the Earth sciences over the past 50 years (Goldin, 2002; Bykov,
2000, 2005; Guberman, 1979; Malamud, 1983; Kuzmin, 2012). It is actually a matter of
stress-strain state perturbations in geomedia propagating from the disturbance source (usually
the boundaries of tectonic plates and faults of different scales) and is interpreted as a wave.
These slow deformation fronts in various materials and geomedia are interpreted as autowave
processes, caused by the instability of the loaded damaged medium, its cooperative response
and parametric excitation (Guberman, 1979; Kuzmin, 2012).
RESULTS OF NUMERICAL SIMULATION
A mathematical model describing the processes of joint generation and propagation of both
sound stress waves and slow deformation perturbations of an inelastic nature includes a
system of nonlinear equations of solid mechanics, kinetic equations for generating of inelastic
deformations and/or damages, positive and negative feedbacks governing stability/instability
of the deformation process (Makarov, 2016). This system of equations was solved
numerically (Makarov, 2016).
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In calculations, the fronts of autowaves were determined from the rate of inelastic strain in the
moving band of localized deformation (autowave), where the rate of inelastic strain is several
orders of magnitude higher than the mean background (Figure 1). Figure 1 demonstrates two
fronts formed in grips that move towards each other. Their interaction is similar to the
interaction of solitons. They either repel each other, or penetrate each other.

(1)

(4)

(2)

(5)

(3)

(6)

Fig. 1 - Spatial distribution of the inelastic deformation fronts and their soliton-like interaction for various
consecutive times (1) - (6) in a plastic sample upon its uniaxial tension.

Formed autowaves of deformation, interacting as solitons, is the result of a cooperative selfconsistent in space and time process of self-organization in a stressed media.
The properties of the resulting deformation solitons are similar both to the properties of
solitons obtained in the solutions of the Korteweg-de-Vries equation, and to kinks-solutions
of the Sin-Gordon equation. Slow deformation fronts can move with different velocities
depending on the level of acting stresses and can stop, forming the bands of localized inelastic
deformation, can then resume motion.
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ABSTRACT
This article presents the results of modelling of the mechanical behaviour of biocompatible
Zr-Nb and Ti-Nb alloys in the range of strain rates from 10-3 to 103 s-1 at temperatures from
297 K to 1273 K. Modification of the micro-dynamical model was proposed for the
description of Zr-1Nb ultrafine grained and coarse grained alloys. It was shown that the phase
transition HCP → BCC alloy Zr-Nb at elevated temperatures leads to a sharp changing in the
resistance to plastic flow and kinetics of growth of damage. The results can be used for
engineering analysis of designed constructive elements of technical and biomedical
applications.
Keywords: ductility, fracture, elevated temperature, zirconium alloys, titanium alloys.
INTRODUCTION
Improvement in the technology of fabrication of some constructional elements for nuclear
reactors is connected with computer simulation of mechanical properties and structural
evolution of radiation-resistant alloys Zr-Nb (Rodchenkov, 20005; Motta, 2007; Blokhin,
2011). In this regard, there is an increasing need to develop computational models of the
mechanical behaviour of advanced Zr-Nb in loading conditions close to operating ones. The
Zr-Nb has a unique complex of physical and mechanical properties and is considered as
promising structural alloys for nuclear reactors of IV generation (Blokhin, 2011). Coarse
grained (CG) and ultrafine grained (UFG) zirconium alloys with a concentration of Nb below
2.5 weight % and additionally doped with Mo, Fe, Cr for the stabilization of precipitations of
beta-phase Zr were studied during last decade (Fong, 2013). It is known that the formation of
ultrafine-grained structures in the alloys of Zr-Nb not only improves the yield and strength of
the alloy, but also prevents the formation of cracks at the mesoscopic level (Behera, 2016).
Last years Ti-Nb-Zr alloys were developed and studied. These alloys have remarkable
properties such as low density, high melting point, good oxidation resistance and high specific
strengths, low elastic moduli, biocompatibility, etc. (Nikonov, 2015; Bobbili, 2017).
Understanding of the mechanical behavior of Ti-Nb-Zr alloys in a wide temperature range is
extremely essential for the numerical modeling of various applications and manufacturing
technologies.
In this connection, the mechanical behavior of Zr-1%Nb alloy was studied by numerical
simulation method in the practically important temperature range from 297 K to 1243 K.
Mechanical behavior of Ti-13Nb-13Zr alloy simulated within practically important
temperature range from 297 K to 1050 K.
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COMPUTATIONAL MODEL
The numerical models for simulation of the tensile tests were developed using the licensed
ANSYS 14.5 software and Autodyn software. Numerical solution of this problem allows to
investigate the adequacy of prediction of mechanical behavior of alloys Zr1 % Nb and Ti13Nb-13Zr when using the modified Johnson-Cook and Zerilli-Armstrong constitutive
equations.
Mechanical behavior of specimens was described by a system of conservation equations
(mass, momentum and energy), kinematic equation and the constitutive equation. Mechanical
behavior of specimens was described by a system of conservation equations (mass,
momentum and energy), kinematic equation and the constitutive equation.
Initial and boundary conditions corresponded to uniaxial tension of specimens (Skripnyak,
2016). Dog bone shape specimens were simulated under axial tension with a constant strain
rate (Skripnyak, 2017).

(a)
(b)
Fig. 1 - (a) Binary phase diagram of Zr-Nb alloy (Clouet,2018); (b) Binary phase diagram
of Ti-Nb alloy (Hatt, 1968; Moffat,1988; Bonisch, 2013)

The calculations were carried out using solvers on finite-difference scheme of second order
accuracy. Plastic flow was described within the theory of Prandtl-Reuss with the criterion of
von Mises.
The phase structure of Zr-Nb and Ti-Nb alloys changes from duplex α+β to single β phase
structure at deformation temperatures above temperature of α → β transition. Alpha phases of
Zr-Nb and Ti-Nb alloys have a hexagonal close packed (HCP) crystal structure. Beta phases
of these alloys have body centered cubic (BCC) crystal structure (Nikonov, 2015; Bonisch,
2013; Eckert, 2013). Therefore, the flow stress of zirconium alloys under loading can be
described using a modification of Johnson-Cook model (1) and Zerilli-Armstrong model for
α-phase alloy (2) and β-phase alloy with a body centered cubic (BCC) crystal structure (3)
(Johnson, 1985; Zerilli, 1992; Gao, 2011; Abed, 2005):
p
p n
σs (ε eq
, ε&eq , T) = (a + k h d g -1/2 + b(εeq
) )(1+ c ln(ε&eq / ε&0 ))(1- T m ) ,

(1)

p n1
σs (ε peq , ε&eq ,T) = [С0 + k h d g -1/2 + C5 (εeq
) ] exp C4 T ln(ε&eq / ε&0 ) { 1-[-C3Tln(ε&eq / ε&0 )]q }p ,

(2)

(

(

)

)

p n1
σs (ε peq , ε&eq ,T) = С0 + k h d g -1/2 + С1exp - C3 T + C4 T ln(ε&eq / ε&0 ) + C5 (εeq
) , for BCC alloys (3)
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1/2
p
&0 =1.0s −1 , a, b, c, n, m are the material
where εeq
= [ (2 / 3)εijp εijp ]1/2 , ε&eq = [ (2 / 3)ε&&
ijεij ] , ε

parameters, T is the temperature, T = (T - Tr ) / (Tm − Tr ), Tr =295 K is room temperature, Tm is
the melting temperature, kh is the coefficient of the Hall−Petch relation, С0, С1, С3, С4, C5, n1,
q, p are material constants, dg is the grain size.
The melting temperature Tm of alloy depends on the weight concentration of components. The
melting temperature of Zr-Nb and Ti-Nb alloys versus weight concentration of Nb are
represented by the liquidus curves (L) in Figures 1(a) and (b), respectively.
The calculations were performed for the alloy E110 (Zr-1Nb) with the average grain size of 7
microns in the range of plastic deformation from 0 to 14 % and temperature in the range from
297 K to 1173 K. The values for the parameters of the Johnson-Cook model are shown in
Table 1. The values for the material parameters of the modified Zerilli-Armstrong model are
shown in Table 2. Tm was assumed equal to 2128 K.
Table 1 - Material parameters of Johnson-Cook model
Alloy

a (MPa)

kh (MPa µm1/2)

b (MPa)

n

m

c

Zr-1Nb

290

368 for 1.1 µm<dg<100 µm

386

0.11

0.6 at T< 1070 K
0.14 at T> 1070 K

Zr-1Nb

625

40 for 0.08 µm<dg<1.1 µm 386

0.11

0.21 at T< 1070 K 0.14
0.14 at T> 1070 K

Ti-13Nb-13Zr

680

199 for 1.1 µm<dg<60 µm

0.3

0.71 at T< 1050 K 0.015

960

0.14

Table 2 - Material parameters of Zerilli-Armstrong model
Alloy

C0 (MPa) kh (MPa µm1/2)

C1 (MPa)

C4 (1/K) C5 (MPa) n1

Zr-1Nb

110

368 for 1.1 µm<dg<100 µm

Zr-1Nb

445

63 for 0.08 µm<dg<1.1 µm 1015 0.00807 at T< 1070 K 0.000395 405

Ti-13Nb- 680 199 for 1.1 µm<dg<60 µm
13Zr

-

C3 (1/K)

-

0.00807 at T< 1070 K 0.000395 405

0.00807 at T< 1050 K 0.000395

960

q

p

0.19 2/3 2
0.19
0.3

-

-

2/3 2

RESULTS AND DISCUSSION
Figure 2 shows the calculated stress - strain curves of Zr-1Nb-1Sn alloy under uniaxial
tension at strain rate of 10-3 s-1. Solid black curves indicate experimental true stress versus
true strain curves (Xiao, 2010; Sarkar, 2017). Colored and dashed curves were obtained using
equation (2) and (1) respectively. The model of Zerilli-Armstrong describes the change of the
strain hardening in the temperature range more adequately in comparison with the JohnsonCook model.
Figure 3 shows normalized yield strength versus normalized temperature under tension at
strain rate 1 s-1 for the Zr-1Nb - 1Sn alloy. The change in the slope of the curve σs/σ0( T )
indicates a change in the physical mechanisms that ensure the development of plastic
deformations. The good agreement of the calculation results with the experimental data on the
resistance of plastic deformation of the alloy Zr-1Nb - 1Sn in the temperature range from 295
to 1173 K was obtained under the assumption of changing the numerical values of the
material parameters at temperatures above 1070 K.
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Fig 2 - Calculated stress versus plastic strain of Zr1Nb-1Sn alloy at the tensile strain rate of 10-3 s-1,
black solid curves corresponds to experimental data
(Xiao, 2010; Sarkar, 2017)

Fig 3 - Normalized yield strength versus normalized
temperature under tension at strain rate 1 s-1 for the
Zr-1%Nb alloy. Symbols are experimental data
(Sarkar, 2017)

The marked change is due to the change in the phase composition of the alloy at a
temperature above ~1070 K. It should be noted that the calculations were performed in the
strain rate range from 10-3 to 10 s-1. Constitutive equations should be amended from (2) to (3)
if the temperature exceeds the temperature of beginning of phase transformations, α → β
(~1070 K).
Figure 4 shows the calculated stress versus strain curves of Ti-13Nb-13 Zr alloy at the tensile
strain rate of 10-2 s-1. Results of simulation agree with experimental data within temperature
range from 298 K to 873 K. In this temperature range, the Ti-13Nb-13Zr alloy remains twophase. In this temperature range, the Ti-13Nb-13Zr alloy remains two-phase. In this case, the
numerical values of the material parameters in the constitutive equation (2) are not changed
significantly and these parameters can be considered as constants.

Fig. 4 - Calculated stress versus strain of Ti13Nb-13Zr alloy at the tensile strain rate of 102 s-1. Symbols are experimental data (Bobbili,
2017)

Fig. 5 - Normalized yield strength versus logarithm of
normalized strain rate under tension for the samples of
the Zr-1 % Nb alloy. Experimental data from Xiao,
2010, Kazakov, 2015 and Sarkar, 2017)
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Figure 5 displays results of simulation of the yield strength versus logarithm of normalized
strain rate under tension of the Zr-Nb. The average grain size was 15 µm. Solid curves
calculated in the temperature range from 295 K to 1273 K and range of strain rates range from
10-3 s-1 to 102 s-1. The dashed curve calculated at the room temperature, and range of strain
rates from 10-3 to 106 s-1. Experimental data (Xiao, 2010; Kazakov, 2015; Sarkar, 2017) are
shown by filled symbols.
Thus, it was shown that the dependence of the yield strength of the Zr-1Nb alloy on the
logarithm of normalized strain rate is close to linear in the temperature range from 297 K to
1273 K and strain rates from 10-3 to 102 s-1. Both constitutive equations (1)-(3) allow
obtaining satisfactory predictions of the yield stress under tension in the range of strain rates
from 10-3 to ~103 s-1 and temperature from 297 K to temperature of phase transition Tα→β.
It was found, that it is necessary to change the numerical value of the coefficient с in
constitutive equations (1) to obtain a satisfactory agreement of calculated yield strength with
experimental data (Kazakov, 2015). Calculated stress - strain curves of Zr-1%Nb under
tension and compression and calculated stress versus equivalent plastic strain of ultra-fine
grained (UFG) and coarse grained (CG) Zr-1%Nb is shown in Figure 6.

Fig. 6 - Calculated stress versus equivalent plastic strain of UFG and CG Zr-1%Nb

Solid curve corresponds to experimental data (Kazakov, 2015). Dashed curves were
calculated by constitutive equation (2). The calculated stress-strain curves were obtained for
UFG alloys taking into account changes of coefficient kh in comparison with the value for GC
alloys.
SUMMARY AND CONCLUSIONS
Mechanical behavior of Zr-1%Nb and Ti-13Nb-13Zr alloys was studied by numerical
simulation method in practically important temperature range from 297 K to 1050 K.
Modified Johnson-Cook and Zerilli-Armstrong constitutive equations were used for
numerical simulation mechanical behavior of Zr-Nb and Ti-Nb alloys with HCP and BCC
phases.
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It is shown that in order to obtain an adequate prediction of the flow stress of alloys
experiencing eutectoid phase transformations, it is necessary to use different material
parameters of Johnson-Cook model, within temperature range of the existence of alpha or
beta phases.
At temperatures above the beta-phase transition temperature of Ti-Nb and Zr-Nb alloys it is
advisable to use the constitutive equation Zerilli-Armstrong for BCC crystal structure
It was shown that the dependence of the normalized yield strength of Zr-1%Nb from
normalized temperature can be approximated by a bilinear relation. The change in slope is due
to phase transition α → β (T~ 1070 K) in Zr-Nb alloys.
The effects of strain hardening and thermal softening were considered in the computational
model.
Results of numerical simulation of quasi static loading of Zr-1%Nb and Ti-13Nb-13Zr alloys
have a good agreement with experimental data.
The calculated stress-strain curves were obtained for UFG alloys taking into account changes
in coefficient of the Hall-Petch relation in comparison with the value for GC alloys.
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ABSTRACT
The statistical analysis of the data of the spatiotemporal evolution of the stress-strain state
(SSS) before the catastrophic fracture for the rock mass during mining was carried out as well
as of loaded rock specimens, based on the results of numerical calculations and experimental
data. The revealed changes of the statistical parameters, which have common features in all
the studies carried out, can be regarded as precursors of catastrophic fracture. In general, the
process of deformation before fracture is correlated and corresponds to a state of dynamic
chaos, and in some areas where the correlation coefficient was high, to a state of selforganized criticality.
Keywords: failure, precursor, nonlinear dynamics, stress evolution.
INTRODUCTION
The basis of the study is an analysis of time series, reflecting the evolution of the SSS of the
loaded media up to fracture. In the case of experiments on the loading of rock specimens, the
data on the change in the speed of the lateral surface obtained with the use of a laser Doppler
vibrometer were analysed. In the case of numerical calculations, the time variation of the SSS
parameters at the selected points of the calculation area was analysed.
RESULTS AND CONCLUSIONS
Statistical analysis was carried out by different methods. Cross-correlation analysis by the
sliding window method showed that a high level of the correlation coefficient of the
catastrophic fracture stage with the previous process of accumulation of damages is observed
only in a very short time interval approximately equal to 8-10 times of the failure yield to the
critical stage.
Spectral analysis based on the fast Fourier transform (FFT signal) and the 2D hodograph of
the complex vector of the FFT signal revealed a fractal structure of the fracture process. The
enlarged hodograph fragments vividly demonstrate the multiscale character of fracture, the
increased hodograph pictures are qualitatively equivalent to the original picture. Moreover, a
sharp change in the hodograph structure indicative of the increase in the fracture scale is
observed only near the catastrophic event, so it can be regarded as a precursor of catastrophic
fracture.
Wavelet analysis using a symmetric Daubechies wavelet well captures short signal emissions
corresponding to local failures. Their growth as the fracture point is approached shows that a
large-scale catastrophe is close.
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The evolution of the graphs of the distribution function of fluctuations (PDF), the decrease in
the slope of the amplitude-frequency characteristic (AFC) in logarithmic coordinates, the
graphs of the frequency of seismic events as they approach catastrophic stage are also
precursors of large-scale fracture.
All the revealed precursors of fracture and the peculiarities of the evolution of the SSS of the
loaded medium are observed, in particular, in the analysis of the results of numerical
modelling of the process of inelastic deformation and fracture of the rock mass at mining.
These features of evolution in the mathematical model completely coincide with the evolution
of real objects - the fractured rocks. These results are discussed partially in [Smolin et al.,
2016]. The variant of numerical modelling of life span of specimens at three-point bending
tests vs applied force is shown in Figure 1, in comparison with experimental data. The
unstable development of deformation processes during fracture in experiments and in
numerical modelling in the case of using the evolutionary approach occurs according to one
scenario with the coincidence of all phases of the evolution of the SSS reflected in the AFC
and PDF dependencies.

Fig. 1 - Comparison of theoretical curve (continuous) with experimental data (points) of
loaded artificial marble. Thin lines at the graph are dependencies of life span (damage) of
specimens at corresponding level of applied force (written above the lines).
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ABSTRACT
Failure of ceramic targets under an axisymmetric high-velocity impact has been studied
experimentally and numerically. The results of the experimental investigations testify to the
existence of a significant influence of the structure of ceramic materials on the process of their
failure. The process becomes asymmetric, which can lead to rotation of the projectile with
conservation of its initial direction of motion. There are still no models describing the
asymmetric character of high-strength ceramic failure. The probabilistic approach to
describing strength characteristics of materials is a possible approach to creating such models.
A fracture model of brittle materials subjected to high velocity impact is presented. The
verification of the model is carried out by comparing computational results with the data
obtained from shock compression tests.
Keywords: probabilistic approach, high-strength ceramics, failure.
INTRODUCTION
The wide use of composite materials in the constructions designed for operation under
dynamic loads causes a steady interest in the study of their properties (Jayakumar, 2016;
Samsudin, 2015). Most of the composites include ceramic materials, so the experimental and
theoretical investigations are intensively conducted to study the behavior of ceramic materials
under dynamic loading (Branicio, 2008; Gorelskii, 2000; Grady, 1998; Rumyantsev, 2015). In
the computational investigation the most important stage in the developing and studying the
behavior of structural elements is the application of an adequate material model (Zelepugin,
2016). It concerns especially the ceramic materials exposed to shock-wave loading due to a
difference in strength properties of such materials compared to metals and a substantial
dependence of their properties on the microstructure of the material.
The results of the experimental investigations testify to the existence of a significant influence
of the structure of ceramic materials on the process of their failure (Zelepugin, 2017). The
process becomes asymmetric, which can lead to rotation of the projectile with conservation of
its initial direction of motion. Failure asymmetry was mentioned in scientific works. In (Kilic,
2014) the asymmetry of the interaction between a bullet and perforated target was shown
experimentally and numerically. In (Anderson, 2008) X-ray patterns illustrating the
asymmetry of the target-material failure during the process of elongated rod penetration into a
SiC ceramic target were presented. There are still no models describing the asymmetric
character of high-strength ceramic failure. Probabilistic approach developed in (Gerasimov,
2016) for describing the strength characteristics of materials is a possible approach to creating
such models.
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EXPERIMENTAL RESULTS
In this work, failure of ceramic and ceramic-containing targets was studied experimentally on
the ballistic stand of the Scientific Research Institute of Applied Mathematics and Mechanics
at Tomsk State University. The conditions for carrying out the experiments were chosen as
follows. On the ballistic path, a standard SKS carbine was used with a 7.62×39 cartridge (a
bullet with a steel core with an ogival head), the distance from the target was ~0.5 m, and the
bullet speed was 760 ± 3 m/s. Special attention in the experiments was paid to the fulfillment
of the axial symmetry condition for the bullet’s impact on the target. The experiments
included X-ray radiography of the process and estimation of the speed of the deformed bullet
core in the after-penetration space and character of the target failure. For the targets under
study, we took a ceramic target of boron carbide B4C, TiB2-B4C-based ceramic composite,
and three-layer target consisting of the face and back plates of VT4 titanium alloy and middle
layer of B4C ceramics.
Figure 1 presents the X-ray patterns of TiB2-B4C-based ceramic-composite failure. The
composite thickness was 6.4 mm. The process of composite destruction in time proceeds as
follows. At the initial stage of the collision, the head of the bullet core is deformed. In this
process, the bullet shape is symmetric, which is illustrated by the X-ray patterns in Figure 1.
After the shock wave reaches the back surface of the target and reflects from it in the form of
the unloading wave, the process of microdamage accumulation and macrodamage formation
begins in the target. The material of the ceramic composite loses strength characteristics in the
region of damage and transits into the destructed state. The tensile loads act first of all on the
region along the impact axis. As a result, the deformed bullet core begins to penetrate into the
target weakened by the unloading wave. By 50 µs the bullet core perforates the target,
destructs the spallation plate and becomes a leading element in the after-penetration flow. The
target still retains integrity beyond the contact zone. The process of the target failure
continues and a flow of debris with different shapes and sizes is formed. As the final result,
the target is destroyed completely.

Fig. 1 - X-ray pattern of penetration into a target of TiB2‒B4C based ceramic composite
at (a) 50 and (b) 200 µs.

Results of experiments testify to the significant influence of the structure of ceramic materials
on the process of their failure. The process becomes asymmetric, which can lead to rotation of
the projectile with conservation of its initial direction of motion. The probabilistic approach
for describing the strength characteristics of materials is a possible approach to creating
models describing the asymmetric character of high-strength ceramic failure.
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MODEL OF BRITTLE FRACTURE
In this work, a wide-range model is proposed to describe the brittle fracture of materials
(ceramics, intermetallics, glass) at relatively low loading velocities (the velocity is about
several hundred m/s) and sufficiently high loading velocities (about several thousand m/s).
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, the failure of which occurs under tensile loading, the modeling of brittle
fracture requires considering both stages of loading such as compression and tension. In this
work the dependence of the dynamic yield point for modeling of the brittle material fracture
during compression is given by:

 σ 0 , if σ z ≥ Pfr
K f σ 0 , if σ z < Pfr

σ =

(1)

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.
Under tensile loading, the dependence of the dynamic yield point in the modeling of brittle
fracture is given by:

(

)

 σ 0 1 − VV f , if V f < V fk
4

σ = σ f , if V fk ≤ V f < V4

 0 , if V f ≥ V4

(2)

where Vf is the specific volume of microdamages (cracks) defined by the spall fracture model
(Kanel’, 1996), V4, Vfk , σf are the constants.
For comparison, the dynamic yield point versus the damage level in the modeling of the
behavior of plastically deformable materials is as follows (Kanel’, 1996):


Vf 

 σ 0  1 − V  , if V f < V 4
σ = 
4 
 0 , if V ≥ V
f
4


(3)

VERIFICATION OF THE MODEL
Verification of the model was carried out by comparing with the experimental data obtained
in the Sandia National Laboratories (Grady, 1998). The installation that produced a plane
loading front in the sample for the specified time interval of the process was used in the
experiments. The projectile was a ceramic plate made of a material identical to the material of
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the target. The projectile was accelerated by a gunpowder (89 mm internal diameter) or a twostage light gas installation at velocities providing the peak pressure in the sample from 3 to 70
GPa (0.4 - 2.4 km/s for the gunpowder installation and higher for the light gas installation).
The ceramic projectile velocity was measured using three electric sensors (velocity pins).
Four similar sensors (flush pins) controlled the plane of impact, and the deviation was usually
less than 10-3 radians. The lithium fluoride window (LiF) was attached to the rear surface of
the ceramic target by using epoxide resin with a layer sickness of 10 - 20 microns for
observations with the use of a laser interferometer. The laser interferometer recorded the rear
surface velocity of the ceramic sample through the window versus time of the process,
including both the increase in the velocity of the rear surface due to the arrival of a
compression wave and the decrease in the velocity due to the arrival of the unloading wave
from the rear surface of the projectile.
The interaction of the projectile (ceramic plate 5 mm in thickness, 87.5 mm in diameter, the
area D1 in Figure 2(a) with the sample (ceramic plate 10 mm in thickness, 76.2 mm in
diameter, the area D2) was numerically investigated for comparison with the experimental
data. The window of lithium fluoride located behind the sample and occupying the area D3
was 25.4 mm in sickness and 50.8 mm in diameter.
D1
D2

D3
(a)

(b)

Fig. 2 - Computed configurations of the AD995 ceramic projectile (D1) - AD995 ceramic plate (D2) - LiF
window (D3) assembly and the velocity fields at the time of (a) 0.5 and (b) 3.5 µs.

The numerical computations were carried out using the research computer code based on the
modified finite element method without construction of the global stiffness matrix (Gorelski,
1997; Johnson, 2011). For modeling of high velocity impact loading, a model of a damaged
medium characterized by the presence of microcavities (pores or cracks) is used. The total
volume of the medium comprises the undamaged part and microcavities of zero density. The
damage level of the medium is characterized by the specific volume of pores Vf. The system
of equations governing the nonstationary, adiabatic (for both elastic and plastic deformations)
motion of a compressible medium with allowance for the evolution of microdamages
comprises the continuity equation, the equation of motion, the energy equation.
Pressure in the undamaged substance is a function of specific volume of the undamaged
substance and specific internal energy, and over the entire range of loading conditions it is
determined by the Mi-Grüneisen equation of state. The constitutive relations connect the
components of the stress deviator and strain rate tensor, and include the Jaumann derivative.
The von Mises yield criterion is used. The critical value of the specific energy of shear
deformations is used as a criterion of erosive material damage. The sliding boundary
conditions are imposed to the contact surfaces between the projectile and the sample, as well
as between the sample and the window of lithium fluoride. The material constants used in the
computations can be found in (Zelepugin, 2016).
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υ, m/s

t, µs
Fig. 3 - Rear surface velocities of the ceramic target for different loading velocities (curve 1 corresponds
to the impact velocity υ0 = 544 m/s; 2 - υ0 = 1070 m/s; 3 - υ0 = 1573 m/s; 4 - υ0 = 2329 m/s). The solid
lines correspond to the experiment (Grady, 1998), the dashed lines correspond to the computation.

Figure 2 shows the computed configurations of the test assembly (for AD995 ceramics) and
the velocity fields at the time of 0.5 and 3.5 µs at the initial impact velocity of 1070 m/s.
Figure 3 demonstrates the velocities of the contact surface between the ceramic sample and
the lithium fluoride window for various initial impact velocities (curve 1 corresponds to the
initial impact velocity υ0 = 544 m/s; 2 - υ0 = 1070 m/s; 3 - υ0 = 1573 m/s; 4 - υ0 = 2329 m/s).
For comparison, the experimental curves are given in Figure 3 (Grady, 1998). The computed
velocity profiles of the contact surface between the ceramic sample and the window of lithium
fluoride are in good qualitative and quantitative agreement with the experimental data.
CONCLUSIONS
The computational brittle fracture model was presented for the materials subjected to high
velocity impact. The verification of the model was conducted using the data obtained from
shock compression tests. The results of the experimental investigations testify to the existence
of a significant influence of the structure of ceramic materials on the process of their failure.
The process becomes asymmetric, which can lead to rotation of the projectile with
conservation of its initial direction of motion. The probabilistic approach to describing
strength characteristics of materials is a possible approach to creating models describing the
asymmetric character of high-strength ceramic failure.
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ABSTRACT
The work considers the explosive compaction of a three-component mixture from aluminium,
sulphur and carbon placed into a cylindrical steel ampoule. Behaviour of the mixture is
described by a mathematical model of a multicomponent medium. The numerical
computations have demonstrated that the thickness of the explosive layer essentially
influences on the final result of explosive compaction. The insufficient or excessive thickness
of explosives may be a reason for incompletely compacted final products or lead to the
formation of cracks or damage.
Keywords: explosive compaction, multicomponent mixture, numerical simulation.
INTRODUCTION
Producing and using new advanced materials is often connected with extreme conditions such
as fast processes, high pressures and temperatures (Eakins, 2009; Prümmer, 1989; Zelepugin,
2017). These processes are accompanied by structural changes and chemical reactions. At
present, explosive technologies are commonly used in metal processing, including the
technologies of shaping, welding, cutting, hardening, and compaction. Many of these
technologies are already used in production, while the application of explosive compaction is
restricted due to lack of ways to control and manage this process, and has not yet reached the
level of technology so far. Many theoretical questions of explosive compaction of solid inert
multi-component mixtures must be answered (Zelepugin, 2016).
This is caused by the complexity of studying the process of explosive compaction and
inability to obtain reliable data on the dynamics of this phenomenon using final results of the
experiments. The analysis of this process requires developing mathematical models, including
the introduction of additional parameters and equations. There is a need also to take into
account the initial parameters and characteristics of components in the mixture, and develop
appropriate computational algorithms as well. This approach, together with the available
experimental data, is to extend the range of application for numerical models and provide an
opportunity to obtain reliable information on the mechanisms and dynamics of structural
changes and ways to produce new advanced materials.
The aim of this paper is a study and numerical simulation of aluminum-sulfur-carbon
mixtures under explosive compaction, considering the thickness of the explosive, using a
multicomponent medium model (Ivanova, 2010). The numerical computations were carried
out using the research computer code based on the modified finite element method without
construction of the global stiffness matrix (Gorelski, 1997).
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FORMULATION OF THE PROBLEM
The system of equations describing the nonstationary adiabatic motion of each component in
a solid inert compressible mixture comprises the equations of continuity (Eq. 1), momentum
(Eq. 2), and energy (Eq. 3) (Nigmatulin, 1991):

∂
(α i ρ i ) + ∇α iρ i υi = 0, (i = 1, 2, …, N),
∂t

where

(1)

α ιρi

N
d i υi
= ∇σ i + αi ∑ α jR ji , (i = 1, 2, …, N),
j=1
dt

(2)

αiρi

N
di Ei
= σ i ε i + α i ∑ α jФ ji , (i = 1, 2, …, N),
j=1
dt

(3)

di ∂
∂
≡ + υik k .
dt ∂t
∂x

Here t is the time, ρi is the density of the i-th component equal to the mass of the i-th
component per unit volume of the i-th component, υi is the velocity vector, Ei is the internal
specific energy, ε i is the strain rate tensor, σ i = −Pi δi + Si is the stress tensor, Pi is pressure,
Si is the stress deviator, Rji is the intensity of the momentum exchange between the j-th and ith components, Фji is the intensity of the energy exchange between the j-th and i-th
components, N is the number of components.
Volume fractions of the mixture occupied by each component (Nigmatulin, 1991) are given
by:
α1 + α2 + … + αN = 1, (αi ≥ 0), α i = ρ i /ρ i ,
*

where ρ*i is the reduced density (mass of the i-th component per unit volume).
Evolution of porosity in the material (compression and growth of pores) is simulated using a
kinetic model of the active type, which determines changes in specific volume of pores
influencing on the material properties and causing stress relaxation (Kanel, 2007):
0 , if Psi ≤ Pi* or (Psi > Pi* and Vfi = 0)
dVfi 
= − sign (Psi ) K fi ( Psi − Pi* )(V2i + Vfi ),
dt

*
*
 if Psi < − Pi or (Psi > Pi and Vfi > 0),

where Pi* = Pki V1i /(Vfi + V1i ) , Psi is the pressure in the solid (undamaged) part of the i-th
component in the mixture, V1i, V2i, Pki, Kfi are experimentally determined constants of the
material.
Studying the deformation of multicomponent media, it is necessary to take into account the
state and response of each component, as well as, in contrast to a homogeneous mixture, not
only the displacement of the external boundaries of the selected volume, but also the
displacement of components in the selected volume of the mixture. In this paper, we consider
the equality of pressures during the interaction of components to be a condition for joint
deformation of components in the mixture, which determines volume concentrations of the
components:
P = Pi (Vi, Ei) = Pj (Vj, Ej) = … = PN (VN, EN).
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The temperature was calculated using the following ratio:

if Ti < Tmi
 d(E i − E 0xi )/c pi ,

dTi = 0 ,
if Ti = Tmi ,
d(E − E − ∆H )/c , if T > T
0xi
mi
pi
i
mi
 i
where the specific heat capacity c pi increases linearly with increasing the temperature up to
the melting point of a substance, E 0xi is the "cold" component of the specific internal energy,
Tmi is the melting temperature, ∆H mi is the specific melting heat of the i-th component.
RESULTS AND DISCUSSION
We consider the axisymmetric problem of explosive compaction of a three-component
mixture from aluminium, sulphur and carbon placed into a cylindrical steel ampoule. The
inert substance (graphite) was added to the mixture of aluminum and sulfur in a proportion of
2/1 to avoid the reaction between aluminum and sulfur. The mass fractions of the components
in the sample (mixture) were taken in proportion: Al 11.5, S - 21.5, C - 67.0; the volume
fractions: Al - 9.55, S - 23.35, C - 67.1. The porosity of the mixture was 0.4 (ratio between the
volume of pores and total volume). The height of the cylindrical sample was 64 mm, the
diameter was 14 mm. The thickness of the lateral wall of the ampoule was 3 mm, the
thickness of top and bottom lids was 10 mm. The height of the ampoule (H) was 84 mm, the
external diameter was 20 mm (Figure 1a).
In the computations the actions of the detonation products surrounding the ampoule was
simulated by the action of pressure on the upper part of the ampoule in a vertical (axial)
direction and on the lateral surface of the ampoule in a horizontal (radial) direction. In the
axial direction the action started at the initial moment of the process, and in the radial
direction the action stated during propagation of the detonation wave from top to bottom
(Ivanova, 2014). The detonation velocity was D = 2.8 km/s on the basis of experimental data.
The P0 = 3.2 GPa value was chosen on the basis of numerical and experimental evaluations.

a
b
c
d
Fig. 1 - Explosive compaction of the ampoule for different thickness of the axial layer of explosives at the
initial moment of time (a) and 80 µs: ∆z = 5 mm (b); ∆z = 30 mm (c); ∆z = 40 mm (d).
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In the computations we varied the thickness of the explosive ∆z in the axial direction, that act
on the upper part of the ampoule in order to study the influence of the parameter on a final
shape and size of the ampoule. The value ∆r for the explosive acting radially on the lateral
wall of the ampoule was constant and equal to 18 mm.
Figures 1b-d show the evolution process for explosive compaction of a cylindrical ampoule
with an inert mixture for different thicknesses of an axial layer of the explosive. Figures are
given at the time of 80 microseconds. This moment of time illustrates the final stage of
explosive compaction of the inert mixture in the cylindrical ampoule. The results of
computations show a significant influence of the axial explosive layer on the final results of
explosive loading. When the thickness ∆z is low, the influence of lateral load prevails, which
leads to elongation of the ampoule in the axial direction (Figure 1b). When the thickness ∆z is
high, there is an additional load on the upper part of the ampoule, which causes deformation
of the top lid of the ampoule (compaction in the axial direction and elongation in the radial
direction) and a portion of the mixture.
Table 1 shows the numerical results for the loaded cylindrical ampoule with an inert mixture
from aluminum, sulfur and carbon, when the thickness of the explosive layer is varied in the
axial direction. Here ∆z is the thickness of the axial layer, H is the height of the ampoule after
loading, h1, r1 and h2, r2 are the height and radius of top and bottom lids of the ampoule. The
initial values of the parameters are as follows: H=84 mm; h1= h2=10 mm; r1 = r2=10 mm.
Table 1 - Results of computations.
№

∆z, mm

H, mm

h1,
mm

h2,
mm

r1,
mm

r2,
mm

1

0

92.8

17.2

9.0

7.6

11.1

2

5

89.0

13.9

9.0

8.8

11.1

3

10

85.4

11.9

9.0

9.8

11.1

4

15

83.2

10.8

8.9

10.3

11.1

5

20

80.9

10.0

8.9

10.5

11.1

6

25

78.6

9.3

8.7

11.0

11.2

7

30

76.1

8.2

8.7

11.9

11.2

8

35

73.2

6.9

8.8

13.4

11.1

9

40

69.6

5.5

8.9

15.4

11.0

Analyzing the data in Table 1, we can conclude that for positive results of compaction it is
necessary to select a number of parameters for explosive loading. It is important to choose
appropriate explosives and the thickness of explosives. Insufficient thickness of explosives, as
well as excessive thickness will lead to unsatisfactory results of explosive compaction, in
particular, the incompletely compacted final product, cracks and damages. In addition, the
excessive thickness of explosives in the axial direction strongly distorts the shape of the
ampoule during explosive compaction.
The computation results show that the change in thickness of the layer ∆z within the range of
0÷13 mm is not sufficient for compaction of the ampoule in the axial direction and leads to an
increase in height of the ampoule. Using the thickness of the axial explosive layer within the
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range of 35÷40 leads to a strong distortion of the shape of the ampoule, in particular, the top
lid of the ampoule and the mixture in this area. The parameters of ampoule, obtained for the
thickness of the axial explosive layer ∆z = 30 mm, have shown that in this case the degree of
compaction for the sample of the mixture was about 97%. The parameters for the bottom lid
of the ampoule changed insignificantly for all cases.

CONCLUSIONS
We numerically investigated the explosive compaction of a cylindrical ampoule that
contained a solid three-component mixture of aluminum, sulfur and graphite. The inert
substance (graphite) was added to the mixture to avoid the reaction between aluminium and
sulphur.
We studied the influence of the initial thickness of the explosive layer in the axial direction on
the final shape of the ampoule. We found the essential influence of the thickness of the
explosive layer on the final result of explosive compaction. When the thickness of the
explosive layer is low, the influence of lateral load prevails, which leads to the elongation of
the ampoule in the axial direction. When the thickness of the explosive layer is high, there is
an additional load on the upper part of the ampoule, which causes the large deformation of the
ampoule (compaction in the axial direction and elongation in the radial direction). We can
conclude that the insufficient or excessive thickness of explosives may be a reason for an
incompletely compacted final product or lead to the formation of cracks or damage.
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ABSTRACT
In this work, we implement discrete element method for simulation of fault zone formation
due to the tectonic deformations of the Earth crust. Discrete element simulation provides us
with the valuable information on the deformations distribution in the vicinity of the fault,
which can be recomputed into the petrophysical parameters of the core. The final model is the
spatial distribution of the densities and seismic waves velocities which are used for seismic
modelling.
Keywords: discrete element method, fault formation, seismic modelling.
INTRODUCTION
Simulation of finite deformations in solids and, in particular, in the geomaterials,
geostructures, core samples and Earth crust can be done by either grid-based methods such as
finite differences [Erickson et al., 2001], [González et al., 2008], finite elements [Guiton et
al., 2003], boundary elements [Resor, Pollard, 2012] or by meshless approaches also known
as discrete elements method (DEM) [Gray et al., 2014], [Lisjak, Grasselli, 2014]. The letter is
preferred because no predefined crack or fault geometry is needed for simulation. However,
particle-based methods are more computationally intense and require calibration of the
particle properties to match the mechanics of the whole body [Lisjak, Grasselli, 2014],
[Alassi, Holt, 2012]. In spite of this the particle-based methods are extremely flexible and can
be used to generate multiple statistical realizations of the fault zones and study statistical
features of the strongly deformed and highly-distorted zones. This opens a possibility to
analyze the correlations between the peculiarities in the fault structure and their responses to
the seismic waves. Moreover, use of the graphical processor units (GPU) significantly reduces
the computational time making the DEM simulations an efficient and flexible tool.
In this paper, we present the approach to simulate fault formation in inhomogeneous media
based on the discrete element modelling implemented on the GPU. In the first section, we
provide an overview of the approach, describe the particles contact model, and remind the
time integration finite-difference scheme. Next, we describe the numerical experiments to
simulate large deformations and fault formation in homogeneous and horizontally layered
media. After that, we will use the finite deformations to estimate the elastic properties of the
fault zone to construct the set of models for further seismic modelling [Vishnevsky et al.,
2017], [Kolyukhin et al., 2017; Kostin et al., 2015].
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DISCRETE ELEMENTS FOR SOLIDS
In this section, we formulate the basic principles of the discrete elements used for the
simulation of the finite deformations in geological formations. At the scale of the tectonic
deformations, we can restrict the considerations with the linear model of particle interactions.
Moreover, we neglect the rotation of the elements, and consider only the static and dynamic
friction due to sliding [Botter et al., 2014], [Hardy, Finch, 2005], [Hardy, Finch, 2007],
[Hardy et al., 2009].

ρ

Consider two particles numbered i and j (Figure 1). Denote coordinates of their centers by x i
ρ
ρ
ρ ρ
and x j respectively and their radii R i and R j . Vector X ji = x i − x j is directed from the
ρ
ρ
ρ
center of j-th element to the center of i-th element, and vector n ji = X ji / X ji is the unit
vector directed correspondingly. In these notations, elastic interaction between the two
particles (the normal force) can be defined as (Figure 1a):
r
r
 K − R + R − X nr ,
Ri + R j − X ji > 0,
repulsion
r
i
j
ji
ji

r
r
r
r

F jin =  K r+ Ri + R j − X ji n ji , 0 < X ji − Ri − R j < r0 , active _ bond (1)

r
0
X ji − Ri − R j > r0
no _ bond



(
(

)
)

Constants and are the elastic modulae, defining the intensity of the repulsion and attraction.
In general these two modulae and be completely different [Lisjak, Grasselli, 2014], [Luding,
2008], however, for the geomaterials they typically coincide [Hardy et al., 2009]. Note, that
is a limiting distance between two particles, so that if the distance between the particles
exceeds the limit, the bond breakage accuses. This allows simulation of the cracks and faults
formation.
According to the numerical study conducted by several independent researches [Abe et al.,
2011], [Cundall, Strack, 1979], [Duan et al., 2017], [Gray et al., 2014], [Hardy et al., 2009],
[O'Sullivan et al., 2003] macroscopic properties of the materials are mainly depend on the
model of friction at the microscopic level, rather than elastic interaction. A classical model of
friction is based on the Coulomb law, where two types of friction are considered. The first one
is the friction of rest, which is defined by the relative displacement of the particles and is
independent on their velocity. However, if the friction of the rest exceeds a particular value,
the relative motion starts dominating, and the friction is defined by the relative velocities of
the particles. Formally, the tangential forces due to the friction can be represented as

ρ
ρ s 
K t δ t t ji
F ji =  d ρn
ρ ji ρ ji ρ ji
− µ F ji sign v , t t

(

)

ρ
K t δ t ≤ µ s F jin
ρ
K t δ t > µ s F jin

(2)

ρ
ρ
ρ ji
ρ ji ρ ji
ρ ji ρi ρ j dx i dx j
−
where t is the unitary tangential vector, i.e. (t , n ) = 0 . Vector v = v − v =
dt
dt
is the relative velocity vector. Parameter K t is a shear modulus, which is typically close to the
elastic modulus K r+ , δ t is the relative displacement for the rest position, and µ d < µ s are the
dynamic and static friction coefficients. A sketch of the tangential forces appeared between
two interacting particles are presented in Figure 1b.
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In order to make the system stable at large enough time of simulation an artificial dissipation
is used
ρ
ρd
dx i
Fi = −ν
(3),
dt
where is the dissipation parameter. The particular choice of this parameter is discussed in
[Luding, 2008].
(a)

(b)

Fig. 1 - Sketches of the particles interactions, a - normal
elastic forces, b - tangential frictional forces.

INTEGRATION OF THE EQUATIONS OF MOTION
Having defined all the forces acting at the particles, due to elastic interaction, friction,
artificial dissipation, and, possibly external forces we can write down the equations of motion,
following the Newtonian mechanics:

ρ
ρ
ρn ρi ρ j
ρt ρi ρ j
d 2x j
dx j
M
= ∑ F ji ( x , x ) + F ji ( x , x ) − ν
dt
dt 2
i∈J ( i )
j

(

)

(4)

In case of pure elastic interaction, the normal forces do not depend on the particle velocity,
whereas the explicit dependence is governed by the dissipative term. In contrary to the DEM
simulation of gas and fluid dynamics, where friction and dissipation may be neglected, in the
considered case presence of the frictional forces reduces the order of approximation of widely
used Verlet scheme. Note also that, the interaction between the particles is local, thus very
limited number of neighbors affect the particular particle (let us say i-th particle). This leads
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to the stencil-like simulations, strictly reducing the number of floating-point operations. In
particular one may estimate the maximal number of the neighbors:
dim( J (i )) ≤

2π

2Rm
arctg 
 R M + R m + r0





,

where R M and Rm are the maximal and minimal radii of the particles in the system, and r0 is
the bond length. Typically r0 ≤ 0.05Rm , thus it can be neglected. For our further simulations
we will use the radii distribution so that Rm ≈ 0.5RM , thus the maximal number of the
neighbors will be dim(J (i)) ≤ 11. In case of small deformations one may assume that the
bonds are fixed and never brake up, thus the neighbors are also fixed and the discrete element
method is equivalent to the finite differences or finite volumes. [Hu et al., 2017], [Wang et
al., 2017].
Following [Hardy, Finch, 2005], [Hardy, Finch, 2007], [Mora, Place, 1994] we use the Verlet
scheme:
ρ
ρ
( x j ) n +1 − ( x j ) n

ρ
τ ρ n
= (v j ) n + F j / M j ,
τ
2
ρ j n +1 ρ j n
ρ
ρ n
+1
n
(v ) − ( v )
= 0 .5 F j
+ F j /M

τ

( )

(

)

( ))

(5)
j

ρ
ρ
where ( x j ) n is the coordinate of the j-th particle at instant t = nτ , τ is the time step, (v j ) n is
ρ
the velocity of the j-th particle at instant t = nτ , and ( F j ) n is the force acting at the j-th
particle at the same instant. If the forces are smooth enough functions of their arguments and
there is no dissipation, when scheme (5) approximates equations of motion (4) with the
second order. However, if friction and dissipation is included into the system, when the order
of approximation decreases down to the first.
NUMERICAL EXPERIMENTS
The first series of the numerical experiments was done to simulate fault forming in a
homogeneous media. We consider different values of the internal dynamic friction coefficient
and study its effect on the fault formation. To make the simulations consistent with previously
published results we consider the particle’s properties the same as in the paper [Botter et al.,
2014]; i.e. Bulk modulus of particles K r = 7.8GPa , bond length r0 = 0.05Rm , dissipation
coefficient ν = 100 kg/s, shear modulus K s = K r , static friction coefficient µ s = 0.8 ,
dynamic friction coefficient µ d varies. The size of the domain is 2000 by 500 m. Diameters of
the elements varied from 1.25 to 2.5 m using uniform distribution. We simulate 60° dipping
normal fault, with vertical displacement equal to 100 m. We provide several stages of the
fault formation for dynamic friction coefficient µ d = 0.3 (figure 2) and µ d = 0.1 (figure 3).
We present the relative deformations in the fault zone and also introduce coloring of artificial
layers (original model is homogeneous) to illustrate the displacements. According to the
presented results, formation of the fault takes place along particular inclined planes. The
smaller the dynamic friction the flatter the fault is.
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Fig. 2 - Relative volumetric strains for the model with µ = 0.3 , for vertical displacements 15,
30, 45, 60, 75, and 90 meters.
d
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Fig. 3 - Relative volumetric strains for the model with µ = 0.1 , for vertical displacements 15,
30, 45, 60, 75, and 90 meters.
d

The second set of experiments is done for a layered media, where shale layers are alternating
by the layers of sandstone. Following [Botter et al., 2014] we consider the physical properties
of the particles representing shale and sandstone coinciding and being equal to those used in
the previous experiment. The different is modeled by using dynamic friction coefficients
equal to 0.3 for sandstone and 0.1 for shale. Having computed the finite deformations for the
layered model we use the empirical relations between the strains and elastic modules of the
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rocks to estimate seismic velocities in the vicinity of the faults [Holt et al., 2008], [Skurtveit
et al., 2013], [Hatchell, Bourne, 2005]. In particular, we consider quadratic relations for the
longitudinal wave speed:

V 0 (−0.25ε 2 − 0.5ε + 1), − 1 ≤ ε < 0
VP =  P 0
2
0 ≤ ε ≤1
 VP (0.25ε − 0.5ε + 1),
where V 0 is the reference velocity in unperturbed model, ε is the relative volumetric strain.
The shear wave velocity is estimated as Vs = Vp / 3 . Results (estimated velocities) for
several statistical realizations are presented in figure 4, where the formed fault zone presents
causing local decrease of the wave propagation velocities.

Fig. 4 - Examples of the P-wave velocity estimation in the fault zone by discrete
element modelling.

CONCLUSIONS
We presented an approach for numerical simulation of the fault formation process, based on
the discrete element method. This approach allows reconstructing the fault zone which is the
result of finite deformations in the rock formaition. In contrary to the grid-based methods,
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discrete elements do not require predetermined fault position. Moreover, size of the particles
can be changed and typically statistically distributed. This makes the DEM simulations
attractive from the geostatistical point of view, because allows simulating multiple statistical
realizations of the fault zones.
We estimate the seismic parameters in the fault zone on the base of the empirical relations,
however, we admit that to be more accurate and close to the reality we need to use DEM at
the core scale to simulate fraturing or formation of the deformation bonds in the core samples.
After that we can follow the evolution of the elastic properties of the core under increaseing
finite deformations.
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ABSTRACT
The process of penetration of the ice block and a thin steel plate by the projectile has been
studied experimentally. The ice block was completely destroyed by fragments, and a hole
(diameter ~ 9 mm) was fixed in a steel plate. The residual velocity of the projectiles was
obtained. The main features of the process of destruction of objects of research are fixed. New
research tasks are formulated.
Keywords: ice, projectile, steel, numerical simulation, post-penetration analysis, destruction.
INTRODUCTION
Constant improvement of the means of kinetic influence on the protected objects forces
developers of shockproof protectors to look for new ways to increase their impact resistance.
Due to the fact that the possibilities of constructional materials are limited, there is a certain
scientific interest in researching the properties of functional graded materials and porous
materials, high-strength fabrics, ceramics under dynamic loading. A well-known fact is an
attempt is made to use the mentioned materials in the formulations of the newest protective
structures: multi-layered plates, laminated-bonded and block-modular and sandwich panels,
etc. A review of this topic is given (G. Ben-Dor, 2017). Ballistic performance of some
materials conducted in (Tria D, 2017 and Iqbal M A et al., 2016).
At the Research Institute of Applied Mathematics and Mechanics (RI AMM), studies are
constantly conducted on the impact resistance protective structure penetrated by impactors of
various shapes and weight. The team of authors has some experience of theoretical and
experimental studies increase the impact resistance of protective structures. The results of
numerical simulation of penetration of steel plates by compact impactors and projectiles were
presented (Gerasimov, 2007). Various impactors were considered, including compact and
elongated impactors as well as single-layered and two-layered steel plates. Two types of
bonding of the layers are considered, including the type of bond that imitates a weld. The
thickness of the single-layered plate was equal to the thickness of the two-layered plates.
Two-layered plates consisted of "base layer" and an "additional layer", the thickness of which
was equal to half of the "base layer". The location of the "additional layer" on the front side
gave the structure a greater impact resistance than its location on the rear side up to 1500 m/s.
The purpose of current research is impact resistance ice plate and steel plate by penetrated
projectile. In future research, it makes sense to consider these plates as additional layers of
multi-layered protective structures. Below are only the results of experimental research.
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EXPERIMENTAL SETUP
To carry out these studies, a mobile experimental setup located on the basis of the Tomsk
Bullet Society was used, Figure 1. As it was said before, its distinctive feature is mobility.
With the help of this experimental setup it is possible to investigate the processes of
destruction of single-layer and multilayer structures (the total thickness is up to 20 cm). The
tested range of initial velocity is up to 1100 m/s. In this case, it was possible to shoot the
process penetrating from different sides. Therefore, the shape of the cloud of fragments after
penetration of the plate was founded, including the residual velocity of the projectile. Video
shooting allows estimate the number of fragments that have separated from the plates from
the front and back sides.

Fig. 1 - Experimental Setup

Figure 1 shows the experimental setup. The main components were a bullet-trap, light
projectors, a special place for targets and a high-speed camera (Photron Fastcam APX RS,
10000 frames per second). The bullet-trap can retain the shape of the projectile after
penetrating the plates. The video camera was located under a straight and a sideward angle to
the plates. For the first time the experimental setup is described in the work (Orlov, 2017).
RESEARCH OF PENETRATING STEEL PLATE BY PROJECTILE
In this section focuses author's experimental research on the penetration steel plate by
projectile. The authors excluded the overview on the topic and limited only to the description
of the experimental results. This fact can be explained by a large number of works on this
topic. The target is a thin steel plate. The material of the plate is Steel 3 (In accordance with
GOST of Russian structural steels). Thickness of the steel plate is 1 mm, the diameter is 150
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mm. The projectile is a well-known Makarov bullet. Bullet consists of a steel core in a lead
“shirt” (weight 6.1 g, diameter 9 mm, height 12.35 mm). The impact was normal up to 325
m/s. The exact velocity was approximate 317 m/s.

(a)

(b)

(c)
Fig. 2 - (a) Results impact tests: high-speed shooting of a steel plate after penetration (photo
by V. Pashkov); (b) Left projectile - after penetration ice barriers (single barrier and twolayered barrier), right projectile - after penetration single steel plate (photo by V.
Solonenko); (c) Rear side steel barrier (Photo by M. Orlov)

Post penetration analysis showed that there was a through penetration of the steel plate. The
penetration was accompanied by knocking out steel “cork” from the plate (cork not shown on
photo). The diameter of the "cork" was approximately equal to the projectile diameter. After
the penetration, the projectile moved along with the cork. This indicates that the impulse was
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increased and the impact effect of the projectile increased. An important point is that the
pieces of the steel plate had small dimensions and were barely visible on the high-speed
video. Figure 2(a) shows a steel barrier after a through penetration by a projectile. The
approximate time is 150 µs. After penetration, the projectile had a slight deformation of the
head part. This is clearly seen in Figure 2(b). The projectile in the left part of the photo is the
projectile before the impact; the projectile on the right side of the photo is the projectile after
breaking through the steel barrier.
Figure 2(c) illustrates the back side of the steel plate after penetration. The zone of plastic
deformation of the plate has a diameter approximately equal to two diameters of the
projectile. The edges of the holes are even and curved inwards by 5 mm. Such a picture is
typical when perforation of thin metal plates by projectiles. The residual velocity projectile
was approximately 20% of the initial its.
RESEARCH OF PENETRATING ICE BLOCKS BY PROJECTILE
In this section, the process of penetration of ice plate by a projectile is discussed. An overview
of this topic was given in (Orlov, 2016), so the authors focus only on the results of
experiments.
The projectile and the initial velocity was the same as the previous section. The object of
research is an ice cylinder with a diameter of 100 mm and a thickness of 45 mm. The ice was
made in a refrigerated chamber by freezing fresh water for 40 hours. The freezing temperature
was -18 C (Degrees Celsius). This ice was investigated in (Bogorodsky V, 1980), where its
strength characteristics are also given.

(a)

(b)

(c)
Fig. 3 - (a) Ice barrier before and (b) after impact. Bar represent 1mm. Photo reprinted from
[5]; (c) High-speed shooting of the process of penetration of the ice block, t = 50 µs
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Figure 3(a) illustrates the initial configuration of the ice block and the fragments that
remained after the impact. Fragments of the size of about 3-5 cm are visible on the figure.
Such fragments were formed by separating the ice from the center through the main cracks.
There were fragments measuring 1 cm or less. Some of them can be seen on the high-speed
video.
Figure 3(b) shows the process of penetration of a single-layered ice barrier by a projectile. In
the experiment, there were also multilayered ice blocks, but they are not discussed in the
current article. In this figure, the barrier stands at a slight angle to the high-speed camera. The
results of penetration are evident due to the difference in the strength characteristics of ice and
steel. Therefore, the main interest is the regularity of the ice penetrating process.
Of course, all the regularities of the process of destruction can only be determined
numerically. This refers to the time in which the first foci of destruction originated in the ice
block, the development of main cracks, the time of through penetration of block, hydrostatic
pressure at control points, velocity of the rear surface, etc. In the opinion of the authors, this
information will allow us to reproduce the scenario of the destruction of any object of
research, including ice block.
Below we consider the morphology of the destruction of ice (the size and shape of the
fragments), the numerical value of the residual velocity, the relative shortening of the
projectile (if it took place). It can be seen that the destruction of ice has nothing to do with the
destruction of steel. The destruction of ice generally has no analogues among other natural
materials. This experiment once again confirmed this fact. The projectile was not subjected to
plastic deformation during the penetration. The residual velocity of the projectile was almost
equal to its initial velocity.
RESULTS
The penetration of a thin steel plate by the projectile was accompanied by knocking out
“cork” and deforming the plate in the contact zone of the "projectile − target". The target was
bent in the direction of projectile movement. “Cork” had a round shape and bent edges. The
hole had smooth edges, and its diameter was approximately equal to the initial diameter of the
projectile. Projectile had plastic deformation only in the region of the nose. Its cylindrical part
had only small scratches. On the high-speed video are visible small steel fragments (sizes less
than 1 mm). The residual projectile velocity was 20% initial velocity projectile.
The destruction of the ice block under impact had more differences than the general with the
previous case. Ice almost did not resist the penetrating of the projectile. The process of
destruction was accompanied by the separation of the ice block into fragments of various
sizes. Among the fragments were pieces of ice 3-5 cm in size. There was a splash of ice both
on the front side of the ice block, and on the back side its. A large number of ice fragments
measuring about 1 cm or less were noted. As mentioned in (Gerasimov, 2007), corundum
ceramics may have a somewhat similar morphology of destruction. The residual velocity of
the projectile was almost equal to its initial velocity.
Research conducted in the current work allowed us to formulate new research tasks. The
scientific interest is the increase the thickness of the ice block and the location behind the
"additional" steel layer. The possibility of frostbite on the steel plate is also not excluded. A
three-layer construction consisting of a steel thin plate, an ice block and a steel thin plate can
very well be the object of research.
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CONCLUSION
In the current work, an experimental research was made of the penetration of single-layer ice
block and thin steel plates by the projectile at low initial velocities. The penetration of ice by
the projectile was not accompanied by a significant decrease its initial velocity. The
penetration of a thin steel plate by the projectile was accompanied by knocking out “cork”
from it and slightly deforming projectile.
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ABSTRACT
The process of interaction of titanium impactors, filled with explosives, with steel targets and
targets from alloy of tungsten, nickel and iron has been numerically investigated. The
behavior of the medium is described from the general positions of the mechanics of
continuous media. The material is considered isotropic, elastoplastic, compressible, porous.
The problem is solved in a two-dimensional formulation for the case of axial symmetry. The
calculations were carried out using a technique that takes into account the fragmentation of
the material in shear and shear failure. The current configurations of the impactor-target are
obtained during penetration and under the action of detonation products, as well as the
parameters of the shock waves.
Keywords: projectile, barrier, penetration, detonation, deformation, destruction.
INTRODUCTION
The urgency of research on high-speed deformation and destruction of solids is due, first of
all, to the need to obtain the basic laws of processes for the purpose of using them in the
development of shockproof protection for various purposes. Mathematical modeling at the
same time (Glazyrin, 2009; Gerasimov, 2013; Johnson, 1981) is an effective method for
obtaining detailed information about the ongoing processes, substantially supplementing the
experimental results. In addition, in carrying out complex rational design, it is possible to
calculate predictably the behavior of promising impact-resistant protections in order to
facilitate the search for the optimal design.
In the work (Glazyrin, 2009) the problem of the introduction of a steel large-sized impactor
with an ogive shape of the head part filled with an explosive substance in an ice plate lying in
one variant on an aqueous one, in another variant on a granite substrate was numerically
solved. In the works (Glazyrin, 2007; Orlov, 2017), shock-wave loading of functional
gradient materials was simulated. In work (Zelepugin, 2017) the shock wave propagation
under explosive loading is numerically analyzed.
In the present work, computational experiments on simulation of the penetration process of
obstacles by a titanium axisymmetric cylindrical impactor filled with explosives are carried
out and analyzed. As the target materials, strong steel and an alloy of tungsten, nickel and iron
(TNI) are considered. For detailed analysis of the shock wave pattern, the current state
parameters in steel, TNI, titanium and explosives on the symmetry axis were recorded.
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FORMULATION OF THE PROBLEM
The statement of the problem and the initial data are as follows. A titanium cylindrical
container, radius R = 17 sm, is filled with explosives (Figure 1). The thickness of the front
wall of the container is 0.188R, the rear and side 0.082R, the height is 5.159R, the initial
velocity projectiles is 450 m/s. As a barrier we used plates 0.206R thick made of strong steel
or TNI (alloy: tungsten-nickel-iron). An explosive with an initial density of 1.6 g/sm3 and a
detonation velocity of 6.9 km/s. The characteristics of the materials are taken from the work
(Orlenko, 2004).

shell

explosive

explosive
detonation
products

target

100 µs

40 µs

0 µs

300 µs
Fig. 1 - Interaction of the impactor with the filler with a plate (3.5 sm) from TNI with the initial
velocity of the projectile 450 m/s

The mathematical description of the behavior of materials is based on the phenomenological
macroscopic theory of a continuous medium, that is, a model based on fundamental
conservation laws with determining equations is used, the adequacy of which has been
repeatedly confirmed by numerous calculations and experimental data.

MATHEMATICAL MODEL
The medium under consideration is assumed to be compressible, isotropic with no mass
forces, internal heat sources and thermal conductivity. An elastoplastic model with the
Prandtl-Reis flow equations associated with the Mises yield condition is used. The equation of
state is chosen in the Walsh form. The effect of porosity on the stress-strain state of bodies
and their deformation hardening is taken into account by the correction of the yield strength
and shear modulus.
The pressure in the detonation products (PD) is calculated from the Landau-Staniukovich
polytropic P = Aρ3, which after transformations takes the form P=ρ0D2(ρ/ρ0)3/8. The initiation
criterion explosives is chosen in the form P2t = const. This criterion well describes the
experimental data in the region of small times, at relatively high pressures.
The problem is solved numerically in a two-dimensional formulation for the case of axial
symmetry, using the Johnson method based on the Lagrangian approach, which was modified
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to the case of large deformations and fragmentary fracture by introducing into the model
mechanisms for splitting the nodes and eliminating computational elements with large
distortion on the contact surfaces (Glazyrin, 2007; Orlov, 2017). This approach allows us to
simulate different types of impact interaction, which is inherent in Lagrangian methods, high
efficiency and accuracy in tracking contact and free surfaces: deep penetration, splitting,
through penetration with the possibility of obtaining current process parameters.

NUMERICAL RESULTS (TARGET FROM THE ALLOY TNI)
The calculated current configurations of the impactor-target during the penetration of the plate
from the TNI and under the action of the detonation products are shown in Figure 1. The
initial loading scheme is shown at the initial time. Immediately after the interaction, a
disintegration of the discontinuity occurs on the contact surface of the titanium- TNI and
shock waves propagate in both directions from it. Detonation of explosives occurred at 20 µs
of the collision process. At this time, the maximum pressure in the residence permit was 6.18
GPa, in titanium - 20.0 GPa, in the explosive - 3.46 GPa. At a time of 40 µs, detonation of
explosives, deformation and destruction of the materials of the striker and obstruction are also
observed. At a time point of 100 µs, these processes are further developed. Finally, at a time
of 300 µs, the side walls of the impactor are completely destroyed by small fragments, and the
bottom of the striker, while retaining its shape, breaks through the barrier like a plate.
Similar calculations were carried out for the process of interaction between a impactor filled
with explosives and a steel plate.

NUMERICAL RESULTS (STEEL TARGET)
The calculated current configurations of the impactor-target during the penetration of the steel
plate are shown in Figure 2. Here, also after interaction on the contact surface of titaniumTNI, disintegration of the discontinuity occurs and shock waves propagate in both directions
from it. In this variant, the detonation criterion was not fulfilled. This is explained by the fact
that the intensity of the shock wave forming in the barrier depends on the shock impedance of
the barrier material, which is higher for a TNI than for steel. At the time of 20 microseconds,
the maximum pressure in the TNI was 2.95 GPa, in titanium 1.9 GPa, in explosives 3.15 GPa.

100 µs

200 µs

500 µs

800 µs

1.2 ms

1.7 ms

Fig. 2 - Impact of a container filled with explosives from a 3.5 sm diameter steel plate with the initial
velocity of the projectile 450 m/s
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At a time of 100 µs, the deformation of the materials of the impactor, filler, and obstruction in
the interaction region is observed. At a time point of 200 µs, these processes are further
developed. At the time point of 500 µs, a through penetration of the target is observed, and a
cavity appears in the rear part of the container due to the fact that the filler leaves forward,
slipping along its side walls. The bottom of the container, like a membrane, changes the
concave shape to a convex shape. It can be seen from the figure that at 800 µs the embossed
part of the target goes forward, as the speed of the container is reduced due to the braking of
its edges with holes. By the time of 1.7 ms, the container acquires almost the original shape.

dno b1(450m /c)->st(3.5)
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(b)
Fig. 3 - Change in the speed of the axial part of the bottom of the container (a) and the rear part of the
target (b) on the interaction axis when striking a steel target
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The dynamics of penetration, the character of the movement of the bottom of the container
and the cork knocked out from the target are shown in Figure 3. The graphs show that, after
penetration, there are oscillations in the speed of both the container and the obstructions,
which are apparently due to the shock-wave character of the deformation. From these
illustrations it can be concluded that the movement of the bottom of the container and the
filler does not always correspond to each other, so it is impossible to unambiguously associate
the deformation of the shell and the filler, and therefore, the stresses arising in them.

CONCLUSION
Thus, using the developed mathematical modeling tools, numerical studies of collision
processes of titanium shockers filled with explosives, with obstructions from steel and TNI
have been carried out. The character of the axial and radial deformation of the striker is
revealed when they are beaten by obstacles. The current and final process parameters are
obtained. It is shown that the initiation of detonation of the explosive charge, under otherwise
equal conditions, depends on the material of the target.
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ABSTRACT
The crack growth dynamics can be described with difference equations which after
rearrangement can give a partial differential equation of the Fokker-Planck type (Risken
1984). What results from solving this equation is a probability density function of the crack
length increment against the aircraft flying time. The in this way determined reliability
enables durability of the aircraft component to be found, for which reliability will not exceed
the required value because of the flight safety. From the physical point of view, the dynamics
of a fatigue process can be described with the Paris equation. The paper has been concluded
with some remarks on practical applications of the suggested method to assess reliability and
durability of structural components of an aircraft.
Keywords: fatigue, aircraft, reliability, Fokker-Planck equation, Paris equation.
INTRODUCTION
The literature on issues of fatigue in structural components of aircraft, considered from the
point of view of reliability and durability, is extensive and touches many and various
questions (Baranowski, 2015; Jacyna-Gołda, 2017; Retsel, 2015; Valis, 2012; Woch, 2017;
Werbińska-Wojciechowska 2013,2015; Tchórzewska-Cieślak, 2016; Żurek 2009). The in the
paper presented method has been based on:
• the Paris equation that defines the rate of fatigue crack growth in a structural
component,
• an actual, service-induced spectrum of loading structural components, obtained in the
course of tests,
• difference equations used to describe - with stochastic approach applied - the dynamics
of fatigue crack growth in structural components,
• the specificity of aircraft service.
What has been presented in this paper is a method to determine fatigue life of a structural
component of an aircraft, with the following assumptions made (Tomaszek, 2013):
• there is an initial crack l0 in the structural component,
• the component’s health/maintenance status has been determined with one parameter
only, i.e. the length of a crack therein. The actual value of the parameter has been
denoted with l;
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• any change in the crack length may only occur in the course of the system/device being
operated;
• in the case given consideration the Paris formula takes the following form (Tomaszek,
2016; Zieja, 2016; Żurek, 2014):
m m

dl
m
= CM km (σ max ) π 2 l 2 ,
dN z

(1)

where:
C, m - material constants,
Nz - a variable that denotes the number of cycles in the assumed load spectrum,
Mk - coefficient of the finiteness of the component’s dimensions at the crack
location,
σmax - maximum load defined with equation (3);
• the structure’s component affecting load in the form of the assumed loading spectrum is
a destructive factor. Let us assume that the accepted load spectrum allows for the
determination of:
- the total number of load cycles Nc in the course of one flight assumed a standard
cycle,
- maximum loads within thresholds in the assumed spectrum amount to
σ 1max , σ 2max , …, σ Lmax (the assumed number of thresholds in the spectrum is L),
- the number of repetitions of specific threshold values of the loading during one flight
(standard load) ni, where:
L

N c = ∑ ni ;

(2)

i =1

• maximum values of loads within the assumed thresholds are found in the following
way:
i
σ max
= σ śri + σ ai

(3)

where:
i
σ max
- maximum value of the cyclic load within the i-th threshold,
σ śri - average value of the cyclic load within the i-th threshold,

σ śri =

i
i
σ max
+ σ min

2

(4)

where:
i
- minimum value of the cyclic load within the i-th threshold,
σ min
σ ai - the amplitude of the cyclic load within the i-th threshold.

• the following frequencies of the occurrence of loads correspond to values thereof within
1
2
L
the thresholds σ max
, σ max
, …, σ max
:
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n1
n
n
= P1 , 2 = P2 , …, L = PL .
Nc
Nc
Nc

(5)

P1 + P2 + .... + PL = 1

(6)

where:

HOW TO DETERMINE THE PROBABILITY DENSITY FUNCTION OF A CRACK
LENGTH IN SOME SELECTED COMPONENT OF AIRCRAFT’S STRUCTURE
For assumptions accepted in Section 1 an attempt will be made to determine the form of the
probability crack-length density function dependent on the time of the operational use (flying
time) of an aircraft. Relationship (1) may be expressed against the flying time of the aircraft.
Therefore, it is assumed that:
N z = λt ,
(7)
where:
λ - the occurrence rate of load cycles upon the component in the assumed spectrum,
t - flying time of the aircraft.
In the case under consideration

λ=

1
,
∆t

(8)

where:
∆t - the average duration of the fatigue-load cycle in the assumed spectrum.
The formula to determine ∆t can be written down in the form of the following equation:
T
,
∆t =
NC
where:
T - time of flight for a standard cycle.

(9)

The relationship (1) against the flying time takes the following form:
m m
dl
m
m
= λCM k (σ max ) π 2 l 2 .
(10)
dt
The form of the solution to equation (10) depends on the value of the index exponent m. In
the case under consideration m = 2 . Hence, equation (10) takes the following form:
dl
2
(11)
= λCM k2 (σ max ) πl .
dt
Thus, the crack increment for the flying time of an aircraft ∆t can be described with the
following equation:
2
∆l = λCM k2 (σ max ) πl∆t .
(12)
With the hitherto findings applied, one can set about determining a relationship for the
probability density function of a crack length against the flying time of the aircraft.
Let Ul,t denote the probability that at time instance t (for the flying time of the aircraft equal to
t) the crack will gain length l. For the assumptions made, the dynamics of the crack length
growth will be described with the following difference equation (Franck, 2005; Risken,
1984):
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L

U l ,t + ∆t = ∑ PiU l − ∆li ,t ,

(13)

i =1

where:
i
Pi - probability that the load σ max
occurs, with P1 + P2 + P3 + ..... + PL = 1 ;

∆li - crack increment in time ∆t for the load equal to σ imax , where i = 1,2,3,....., L :

(

)

2

i
∆li = CM k2 σ max
πl λ{∆t .

(14)

1

Equation (13) in function notation takes the following form:
L

U l , t + ∆t = ∑ PiU (l − ∆li , t )

(15)

i =1

Equation (15) is rearranged now in a partial differential equation. The following
approximations have been made (Narayan, 2012; Pham 2006):
∂U (l , t )
∆t ,
∂t
∂U (l , t )
1 ∂ 2U (l , t )
U (l − ∆li , t ) ≅ U (l , t ) −
∆li +
(∆li ) 2 .
2 ∂l 2
∂l
Having substituted (16) and (17) into (15), the following equation results:
L


∂U (l , t )
∂U (l , t )
1 ∂ 2U (l , t )
U (l , t ) +
∆t = ∑ Pi U (l , t ) −
∆li +
(∆li ) 2  ,
2
∂t
∂l
2 ∂l
i =1


U (l , t + ∆t ) ≅ U (l , t ) +

(16)
(17)

(18)

∂U (l , t )
∂U (l , t ) L
1 ∂ 2U (l , t ) L
∆t = −
P
∆
l
+
Pi (∆li ) 2 .
∑
∑
i
i
2
∂t
∂l i =1
2 ∂l
i =1
Hence,
2
∂U (l , t )
∂U (l , t ) 1 1 L
1 L
2 ∂ U (l , t )
= − ∑ Pi ∆li
+
∑ Pi (∆li ) ∂l 2 ,
∂t
∂l
2 1∆t4i4=12 4 43
1∆t4i =21 4 3

α (t )

(19)

β (t )

where:
α(t) - mean increment in crack length within the component of the aircraft’s structure
per time unit,
β(t) - mean square of the increment in crack length within the component of the
aircraft’s structure per time unit.
The relationship that determines the α(t) coefficient from equation (19) can be rearranged in
the following way:

α (t ) =

(

)

2
1 L
1 L
i
P
∆
l
=
CM k2 Pi σ max
πlλ ∆t ,
∑
∑
i
i
∆t i =1
∆t i =1

1
α (t ) = λCM k2πl[ P1 (σ max
) + P (σ 2 ) + ..... + P (σ L ) ] ,
1 4 4 4 4 42 44max2 4 4 4 4 L4 4max43
Ε [σ
]
2

2

2

2
max

2
α (t ) = λCM k2πΕ[σ max
]l ,

(20)

where:
2
Ε[σ max
] - the second moment of loading the structure’s component.
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What is to be found then is a relationship for the crack length l, approached in a deterministic
way, as based on the following dependence (21):
dl
2
= λCM k2πΕ[σ max
]l .
dt

(21)

Hence,
l

t

dl
2
2
∫l l = ∫0 λCM k πΕ[σ max ]dt ,
0

(22)

l = l o e λCM k Ε[σ max ]πt .

(23)

that is:
2

2

After having introduced the following notations:
CM k2π = C2 ,

(24)

C2Ε[σ

(25)

2
max

] = C2 ,

the relationship for the α(t) coefficient takes the following form:

α (t ) = λ C2lo eλ C t .

(26)

2

In a similar way, one can find the relationship for the β(t) coefficient.
After some rearrangements equation (19) takes the following form:
∂u (l , t )
∂u (l , t ) 1
∂ 2u (l , t )
= −α (t )
+ β (t )
.
∂t
∂l
2
∂l 2

(27)

A particular solution of equation (27) is the crack-length density function of the following
form:
−
1
u (l , t ) =
e
2πA(t )

(l − B ( t ) )2
2 A(t )

,

(28)

where:
B(t) - an average crack length for the aircraft’s flying time t,
A(t) - crack-length variance for the aircraft’s flying time t.
Coefficients B(t) and A(t) for the material constant m=2 are solutions to the integrals:
t

(

)

B(t ) = ∫ α (t )dt = l0 eλ C2 t − 1 ,

(29)

0
t

(

)

1
A(t ) = ∫ β (t )dt = l02 C2ω e 2λ C 2 t − 1 ,
2
0
where:

ω=

4
Ε[σ max
]
.
2
(Ε[σ max ])2
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HOW TO DETERMINE RELIABILITY OF A COMPONENT OF THE AIRCRAFT’S
STRUCTURE USING THE DENSITY FUNCTION OF A CRACK LENGTH
Reliability of a component of the aircraft’s structure can be determined using the density
function of a crack length described with equation (28). However, what is to be found first is
the value of a permissible crack length for the assumed flight-safety level, with account taken
of the aircraft structure’s component given consideration. To do this, the stress intensity factor
in the following form is used (Knopik, 2016, 2018; Piegdoń 2018):

K = M kσ πl ,

(31)

where:
Mk - a correcting factor that comprises geometric characteristics, characteristics of the
finiteness of the component’s dimensions, and of the crack shape.
In the case of critical crack length lkr and critical stress σkr, the factor determined with the
dependence (31) becomes a critical quantity Kc and is then termed the material’s resistance to
cracking:

K c = M kσ kr πlkr

(32)

With the dependence (32) applied and safety factor introduced, one can find the permissible
crack length:

ld =

K c2
,
kM k2σ kr2 π

(33)

where:
k - safety factor.
Making use of findings of hitherto considerations, the reliability of the aircraft structure’s
component can be written down with equation (34):
ld

R(t ) ≅ ∫ U (l , t )dl ,

(34)

−∞

where:
−
1
u (l , t ) =
e
2πA(t )

(l − B ( t ) )2
2 A(t )

.

With account taken of equations (29) i (30), the following form of the integrand is arrived at
for the dependence (34):

U (l , t ) =

1
1
2π ( l02 C2ω (e 2λ C 2 t − 1))
2

−

e

( l − l 0 ( e λ C2t −1)) 2
l 02 C 2ω ( e 2 λ C2t −1)

.

(35)

What results from the standardisation of the random variable l is a standardised random
variable z of mean value equal to zero and variance equal to unity:
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z=

l − B (t )
.
A(t )

(36)

After standardisation of this random variable equation (34) takes the following form:
ld − B (t )
A( t )

R (t ) ≅

∫

−∞

z2

1 −2
e dz
2π

(37)

Results of calculations based on the dependence (37) against the aircraft flying time can be
presented in the form of a table (Table 1).
Table 1 - Results of reliability calculations

On the basis of the results of calculations included in Table 1, a reliability curve can be
plotted (Figure 1). While calculating the reliability on the basis of the dependence (37) for the
aircraft’s flying time under consideration we use the table of standard normal distribution.

R*(t)
1,0
reliability limit

life

t1

t2

ti

Fig. 1 - The reliability function
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RESULTS AND CONCLUSIONS
To illustrate the developed method, results of calculations of the mechanical component’s
reliability have been show in Table 2 and Figure 2. The mechanical component in question
comes from the spar-fixing mechanism of a wing from an aircraft of some selected type.
Table 2 - Results of calculations of mechanical component’s reliability

1
1
0,9

0,993

0,964

R*(t)

0,895
0,8
0,784
0,7

T

0,648

0,6
0,5
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

t - aircraft's flying time [h]
Fig. 2 - The reliability function for a mechanical component

Having assumed that, on the account of the component under consideration, the aircraft’s
reliability cannot be lower than R*=0.999, the component’s life will be hours of flying time.
CONCLUSIONS
The present paper outlines a method to find fatigue reliability of a structural component
against the aircraft’s flying time. Practical use of the presented method needs what follows:
• data on the spectrum of load onto the aircraft structure’s component,
• knowledge of material data referring to the structural component under consideration,
• data on structural component’s dimensions and crack location,
• data on structural component’s fatigue strength,
• knowledge of assumptions on structure safety requirements.
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Constant values used in the presented method may be found using the collected material data.
Some of them can also be found using data on crack propagation against the aircraft’s flying
time, ones collected in the course of aircraft service. Methods helpful in determining
dependences for some constants include: a method of moments or a method that makes use of
the likelihood function.
Issues of the effect of the sequence of occurrence of load cycles of various values on the crack
increments in the component in question have been neglected in the above presented
technique of finding the structural component’s reliability. The suggested method will be
improved in further works.
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ABSTRACT
In this work, we performed laboratory tests of double cantilever beam (DCB) specimens of
HDPE at constant displacement. These results interpreted with the fracture mechanics
framework could provide useful data for lifetime prediction of HDPE pipelines. In addition,
fracture parameters obtained in laboratory tests were used with a finite element (FE) model
based on cohesive elements. Results of experimental and finite element analysis on fracture
behavior of double cantilever beam (DCB) specimens of HDPE are presented and discussed.
Keywords: HDPE, SCG, constant displacement rate, FEM.
INTRODUCTION
Polyethylene pipes play a central role in oil, gas and water supply. Typical pipelines lifetimes
of 50 years are taken for granted for modern grades. The commonly accepted failure
mechanisms are characterized by crack initiation and slow crack growth (SCG). The standard
extrapolation method described in EN ISO 9080 classifies these pipe grades by their
minimum required strength (MRS) to ensure service times of at least 50 years. The long term
behaviour of pressurized has been traditionally based on results from accelerated internal
pressure tests at high temperatures. Unfortunately, the cost and long duration (i.e. 1-2 years)
of these tests make them not viable in many practical circumstances. For that reason, based on
a fracture mechanic approach, accelerated creep tests such PENT and FNCT [1] have been
designed. These tests may take several weeks, thus granting a significant time saving when
compared with full-scale tests on pipes. A recent approach used by Rink M. et al. [2] uses
constant displacement tests instead of constant load tests on polybutene samples. This allows
a further, significant reduction in testing times which in this study ranged between a few
seconds and a couple of hours.
RESULTS AND CONCLUSIONS
Fracture tests have been performed on PE specimens at various testing speeds on DCB
samples. The crack propagation speed was monitored by video-controlled technique (Figure
1). Tests have been carried out with varying speed in order to ascertain the influence of these
variables on the general fracture behaviour of both polymers and especially on crack stability.
Complementary, a methodology for investigating SCG in polymers based on FEM analysis
was tried and used to interpretate DCB experiments. The proposed approach, based on the
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cohesive zone model (CZM), is capable of characterizing the fracture zone explicitly,
independently from the bulk material. A finite element model is developed in which bulk
material is modelled as a elastic- viscoplastic one and the crack is modelled with CZM using a
bilinear traction separation relationship (Figure 2).

Fig. 1 - Constant rate test on DCB sample

Fig. 2 - FEM simulation of SCG
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ABSTRACT
In this study, the problem of brittle fracture of structures at low temperature conditions is
connected to damage accumulation and ductile-brittle transition in metals. The data for energy
equipment failure and locomotive tire contact impact fatigue are presented. The results of
experimental testing show that the impact toughness drops at low temperature. The internal
friction method was applied to revealing the mechanism of dislocation microstructure changes
during the low-temperature ductile-brittle transition. It is possible to prevent the transition by
severe deformation to change the steel microstructure which is quantitatively described by
multifractal analysis. The proposed mechanism and revealing relationships would be used for
theoretical and numerical modelling of damage accumulation and fracture in materials.
Keywords: extreme environment, low-temperature ductile-brittle transition, fracture,
ultrafine-grained steel, damage nucleation.
INTRODUCTION
It is well-known that during the low temperature climate operation, catastrophic fracture of
structure and machine elements often occurred. In that case, the plastic properties of the
structure are decreased and the mode of failure changes from ductile to brittle. Significant loss
of safety and economic efficiency result in the operation of railway equipment in extremely
low climatic temperatures conditions. This leads to increased utilization of energy and
resource intensity of transportation. The most important units of railway equipment are tire
and rail. Their durability and reliability significantly affect operating costs, and their fracture
is unacceptable because they pose a clear threat to traffic safety. The railroad located on
territory of the Republic of Sakha (Yakutia) in Siberia (Russia) is distinguished by low
climatic temperatures and acutely continental climate. The period of subzero lasts about 210
days; the minimum temperature reaches 60 ˚С below zero. The difference in the average
temperature achieves 70 ˚С and more per season.
The diversity of the phenomenon of ductile-brittle transition is reflected by the factors
affecting the type of fracture - both internal and external. Thus the chemical composition and
the structure of the material reflect the physical nature of the phenomenon, and the loading
rate, temperature, type of stress-strain state and the size of the structure define the mechanical
nature, respectively. So the combination of severe deformation and thermal processing could
change the mechanism of fracture and lead to a decrease in the ductile-brittle transition
temperature range. Scanning electronic (SEM) and atomic-force (AFM) microscopy were
used to estimate this quantitatively by multifractal analysis (Lepov et al., 2008, 2016).
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RESULTS AND CONCLUSIONS
The mechanism of dislocation movement on microscale could be established by an internal
friction measurement. Furthermore, the internal friction is a one of the main methods for the
determination of energy dissipation localization in low-temperature ductile-brittle transition.
The experiment by pendular oscillator for wire samples of structured low-alloyed steel was
carried out. It has been used to establish the temperature dependence upon internal friction of
both tempered and annealed samples of the test material in the temperature range 100÷300 K.
To reveal the changes of the mechanical properties of locomotive wheel, the impact toughness
was measured at positive (20 °C) and below freezing (-20, -40, -60 °C) temperatures. Table 1
shows the results of impact test where the drop shown.
Table 1 - Results of test for impact toughness KCV
T (°°C)
KCV,
J/cm2
Average

20
2,29
1,75
1,69
1,72
1,64
1,82

-20

-40

1,33
1,37
1,38

0,71
0,54
0,96

1,36

0,73

-60
0,70
0,58
0,74
0,51
0,67
0,62

The modeling of damage accumulation processes should consider the complex effects of
high-cycle fatigue and low-cycle impact loading and also friction damage. The impact
toughness as shown in Table 1 greatly depends on the test temperature. So the overall damage
could differentiate between high-cycle fatigue damage, low-cycle impact damage and contact
wear damage also.
The investigation of the combined processed steel reveals that the mechanical properties and
multifractal characteristics of microstructure are closely connected and could be used for
multiscale modeling of damage accumulation and fracture.
The new criterion and approach of damage estimation for locomotive tire in extreme
uncertainty conditions are also discussed. Our results reveal that the lifetime of tire is very
sensitive to impact strength at low temperature during operation.
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ABSTRACT
Graphite particles, in Compacted Graphite Iron (CGI), behave as internal notches when a
component made of this material is mechanically loaded. The effect can be critical because of
the severe loading conditions in specific areas of a heavy truck cylinder head such as the
Valve Bridge (VB) located on top of the engine cylinder head. The condition in the VB leads
to formation of Thermomechanical Fatigue (TMF) cracks, as a consequence of engine startup
and shout down repititive cycles. During engine operation, the VB is thermally restricted and
retained, developing compressive and tensile loads. In this research, the TMF crack path
developed under different uniaxial loading conditions was studied. The material under
investigation is CGI with a heterogeneous shape distribution of the graphite particles. It is
found that loading regimes do not have influence on the crack initiation neither on secondary
crack formation. Instead, the crack initiation is dominated by graphite size, whereas the
propagation is governed by graphite distribution. It was also observed that the secondary
cracks are controlled by graphite clustering.
Keywords: graphite, microstructure, thermomechanical fatigue.
INTRODUCTION
Research on engine cylinder heads pays special attention to areas such as the VB (COLLIN
2014), because, these are constrained by their surroundings during thermomechanical cycles
associated with engine start up and shout down. The thermal load together with mechanical
restrictions gives rise to the phenomenon known as TMF (J. Okrajni, 2006). The phenomenon
is largely affected by the microstructure of the graphitic cast iron, because the graphite
particles behave as internal notches initiating cracks that later propagate. This behavior has
been tested and described using TMF setups with a homogeneous CGI microstructure
(Ghodrat, 2013). However, the influence of a heterogeneous microstructure under severe
loading conditions on crack formation and lifetime has not been investigated.
The aim of this study is to understand the influence of heterogeneity of the CGI
microstructure (graphite length and spatial distribution) on TMF crack formation and lifetime,
under different TMF loading conditions.
It has been reported that in TMF out-of phase condition, the samples are under compression
during heating cycles, and they return to the initial length during cooling cycles (Buni, Raman
et al. 2004, Wu, Quan et al., 2015; Kalra, 2016). The amount of constraint γ (cf. equation 1)
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can be defined as the thermal strain (cf. Equation 1) converted into mechanical strain (ε_m),
cf. Equation 2. If γ = 1 one speaks of full constraint conditions, whereby the full thermal
strain is converted to mechanical strain. The actual constraint levels used in this research are
75%, 100%, and 125% applied to notched specimens in order to speed up the TMF failure.
ఌ

ߛ = − ఌ

∆ߝ௧ = ߙሺΔܶሻ

(1)



(2)

RESULTS
Microstructural Characterization
Samples were extracted from the VB area of a truck engine and compared to samples that
were extracted from a Y-shape cast shape with identical chemical composition.
Table 1 quantifies the graphite particles in the TMF tested samples as well as the VB areas.
The calculated standard deviation in graphite density is an indication for clustering of graphite
particles in TMF specimens.
Table 1 - Graphite particles characterization
Graphite characteristic

TMF
(Std dev)

Density [particles/mm2]

290.12 (63.8)

VB
(Std dev)
259.08 (7.6)

Compact / Flake

length [ µm]

44.67 (39)

40.86 (29)

Nodules

diameter [µm]

19.0 (10)

18.86 (5.8)

Graphite Length Distribution
Figure 1 shows the flake graphite length distribution frequency for TMF Samples, engine VB
samples, and two other randomly selected regions containing graphite clusters (cf. Figure 2 A
and B) from TMF samples. The comparison between TMF and VB samples indicates that the
average graphite length is similar in both samples. Nevertheless, the comparison of TMF and
selected regions shows that the percentage of long graphite particles may be significantly
increased within certain clusters.
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Fig. 1 - Flake graphite length distribution

Fig. 2 - Example of CGI with graphite clusters and
empty areas
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Crack Path Analysis and Crack Branching
Figure 3 presents an overview of the TMF failed samples as function of constraint level and
notch size. It was observed that cracks were mainly initiated from notches larger than 0.2 mm.
In contrast, cracks did not originate exclusively from the notch in the samples with 0.1 mm
notches. In addition, it was observed that the cracks have propagated from one flake particle
to the closest (flake) particle and largely avoiding the clusters of nodular particles as well as
the graphite-free areas of the matrix. Finally, it was detected that inside the graphite clusters
the main crack is locally divided into short cracks or branches (c.f. Figure 2), which grow
over a wide range of lengths in all constraint levels, irrespective of the notch size.
75%

Notch
(mm)

100%

125%

0.1

0.2

0.5

Fig. 3 - Abstract of TMF failures sorted by setup and notch size

CONCLUSION
It was found that crack branching is a phenomenon not related to loading conditions or
notching. Instead, it was found that the crack was split in two or more branches only within
graphite clusters. Furthermore, it was detected that the crack propagates avoiding graphitefree areas, this show that propagation is governed by graphite distribution. Conversely, the
crack in the 0.1 mm notched sample was not limited to the notch area, indicating that the
small number of large graphite particles behave as 0.1 mm notches where cracks initiate.
Finally, the graphite length comparison of TMF samples with the VB microstructure showed
that the average distribution does not capture the graphite clustering; the behavior was only
detected when small areas were quantified.
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FATIGUE IMPROVEMENT OF WELDED ELEMENTS BY
ULTRASONIC IMPACT TREATMENT
Yuri Kudryavtsev(*)
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ABSTRACT
The ultrasonic impact treatment (UIT) is one of the new and promising processes for fatigue
life improvement of welded elements and structures. In industrial application this process is
also known as ultrasonic peening (UP). The fatigue testing of welded specimens showed that
the UIT/UP is the most efficient improvement treatment as compared with traditional
techniques such as grinding, TIG-dressing, heat treatment, hammer peening and laser
peening. The description of UIT/UP technology and the results of fatigue testing of welded
elements of steels and aluminium alloys in as-welded condition and after application of
UIT/UP are discussed in this paper.
Keywords: fatigue improvement, welded elements, ultrasonic impact treatment.
INTRODUCTION
The UIT/UP technique is based on the combined effect of high frequency impacts of special
strikers and ultrasonic oscillations in treated material (Kudryavtsev, 2008). The beneficial
effect of UIT/UP is achieved mainly by relieving of harmful tensile residual stresses and
introducing of compressive residual stresses into surface layers of material (Kudryavtsev,
1989) and also on smaller scale by decreasing of stress concentration in weld toe zones and
enhancement of mechanical properties of the surface layers of the material. The basic system
for UIT/UP treatment (total weight - 11 kg) is shown in Figure 1.

Fig. 1 - Ultrasonic impact treatment system for fatigue improvement
of welded elements and structures
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It includes an ultrasonic transducer, a generator and a laptop (optional item) with software for
optimum application of UP - maximum possible increase in fatigue life of parts and welded
elements with minimum cost, labor and power consumption (Kudryavtsev, 2013). In general,
the basic UIT/UP system UP-600U shown in Figure 1 could be used for treatment of weld toe
or welds and base metal also if necessary.
RESULTS AND CONCLUSIONS
The welded specimens were fatigue tested in as-welded conditions and after UIT/UP. The
investigated materials were steels and aluminum alloys of different strength. Parameters of
fatigue testing: axial loading, R=O. The results of fatigue testing of welded joints made from
aluminum alloy 5083 are presented in Figure 2.

Fig. 2 - Results of fatigue testing of lap joints made from aluminum alloy
5083: 1, 2- in as-welded condition; 3, 4- after UIT/UP; 1, 3 - technology of
welding A; 2, 4 - technology of welding B.

These and other numerous results of fatigue testing of welded specimens made from steels
and aluminum alloys showed that the UIT/UP provided significant increase in fatigue
performance of all considered types of welded joints and materials and that the UIT/UP is the
most efficient improvement treatment as compared with traditional techniques such as
grinding, TIG-dressing, heat treatment, shot peening and hammer peening.
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WELDED JOINTS
Yuri Kudryavtsev(*), Jacob Kleiman
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Email: ykudryavtsev@sintec.ca

ABSTRACT
The objective of the study described in this paper is to identify the residual stress (RS)
distribution and relaxation in standard welded specimens, large-scale welded panel and real
structure. The RS were measured after welding and in the process of fatigue loading of
welded elements by the UltraMARS system that is based on using ultrasound.
Keywords: residual stresses, ultrasonic measurements, fatigue loading.
INTRODUCTION
The RS are one of the main factors determining the engineering properties of materials, parts
and welded elements and this factor should be taken into account during the design and
manufacturing of different products. Although certain progress has been achieved in the
development of different experimental techniques, a considerable effort is still required to
develop efficient and cost-effective methods of residual stress analysis (Kudryavtsev, 2008).
The application of an ultrasonic non-destructive method for residual stress measurements had
shown that, in many cases, this technique is very efficient and allows measuring the residual
stresses both in laboratory conditions and in real structures in field for a wide range of
materials (Kudryavtsev, 1985, 2016).
RESULTS AND CONCLUSIONS
The measurements of welding residual stress were performed in standard welded samples for
fatigue testing, large welded panel and real structures. The residual stress measurements in lab
and field conditions were performed by using the UltraMARS system shown on Figure 1.

Fig. 1 - Ultrasonic Computerized Complex for residual and applied stress
measurement UltraMARS-7
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In field conditions the residual stresses were measured in a number of welded structures
including the pressure hull of a submarine. Four zones were selected for RS measurement in
the welded elements of the hull of submarine. Figure 2 shows the results of residual stress
measurement in one of the selected zones of the hull of submarine. In this case both
components of residual stresses are tensile at the distance from the weld toe of 20 mm. The
longitudinal component of residual stresses reaches 295 MPa.
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Fig. 2 - The distribution of residual stresses near the butt weld of pressure hull of
submarine (horizontal axis represents the distance from the weld): σx and σy are the
components of residual stresses that are parallel and perpendicular to the weld.

A comparison of residual stresses determined by measurements using the ultrasonic method
and by numerical simulations showed a reasonable agreement both for standard welded
specimens and the large welded panel.
SUMMARY
Certain progress has been achieved during the past few years in improvement of traditional
techniques and development of new methods for residual stress measurement. The developed
advanced ultrasonic method, based on it portable instrument and the supporting software can
be used for non-destructive measurement of applied and residual stresses in laboratory
samples and real parts and structural elements in many applications for a wide range of
materials.
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EFFECT OF SURFACE ENERGY ON FRICTION COEFFICIENT
OF CARBONACEOUS HARD COATINGS BY IN-SITU
MEASUREMENT IN ESEM
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ABSTRACT
We developed the in-situ measurement method of surface energy in friction area during
friction to clarify low friction mechanism of carbonaceous hard coating in ESEM
(Environmental Scanning Electron Microscope) chamber by measurement of contact angles
of condensed liquid micro droplets of water and diiodemethane. And then we clarified the
effect of surface energy on friction properties of carbonaceous hard coatings by in-situ
measurement of ESEM. We confirmed that friction coefficients of various carbonaceous hard
coatings decreased with the surface energy of sliding scars. However the friction coefficient is
not proportional to the surface energy.
Keywords: biomechanics, polypropylene, prosthesis, urogynecology.
INTRODUCTION
Carbonaceous hard coatings have great properties, such as low friction, high hardness and
high wear resistance. In particular, CNx (Carbon Nitride) coating and a-C:H (Hydrogenated
amorphous carbon) coating show ultra-low friction coefficient (µ＜0.01) in dry nitrogen gas
(Umehara et al., 2000). However, the mechanism of ultra-low friction has not clarified. We
should develop the in-situ measurement method of friction area during friction to clarify this
ultra-low friction mechanism of carbonaceous hard coating. Friction would relate to the
adhesion. Adhesion should relate to the surface work function after surface energy of both
mating surfaces.
In order to know the effect of surface energy on friction of carbonaceous hard coatings, we
designed and made in-situ observation equipment of surface energy with friction tester in the
ESEM chamber. The contact angles of condensed liquids as water and diiodemethan on the
cooling stage of an ESEM can be used for the estimation of the surface energy on a minute
friction trucks.
EXPERIMENTAL APPARATUS AND PROCEDURE
A pin-on-disk type oscillating friction tester was fabricated in the chamber of ESEM which
can change the gas pressure up to 10 Torr. After the friction test of CNx coating, water and
diiodomethane vapours were introduced and condensed minute droplets of liquids were
grown on the friction trucks. After the observation of the contact angle of the droplets, we
estimated the total, hydrogen bonding term and dispersion bonding term of surface energy,
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respectively (Yoshino et al., 2006). The CNx and a-C:H friction specimens were prepared to
have various surface energy with the irradiation of ultra violet lay.
RESULTS AND CONCLUSIONS
Figure 1 shows the effect of surface energies on
friction coefficient of CNx sliding against Si3N4
ball. The irradiation time as 0, 30, 60 and 120 min
changed the surface energy and friction
coefficient. Lower surface energy provided lower
friction coefficient.
Figure 2 shows the effect of surface energies on
friction coefficient of a-C:H sliding against Si3N4
ball. The irradiation time as 0, 30, 60, 120 and 240
min changed the surface energy and friction
coefficient. Dispersion force component was much
larger than the Hydrogen bonding force
components. Lower surface energy provided lower
friction coefficient.
In order to know the effect of surface energy on
friction clearly, we have done the friction tests of
engineering polymer materials as PTFE, PE and
POM. Figure 3 shows the effect of surface energy
on friction for Polymer, CNx and a-C:H. Polymer
shows good liner relationship between friction
and surface energy. On the other hand, CNx and
a-C:H did not show very small surface energy
even if friction coefficient reached to about 0.05.
In the case that friction coefficient reached to
minimum value as about 0.05, surface energy of
both DLC showed as 20 mJ/m2, which is the
surface energy of standard value of graphite.
From these results, it can be considered that
graphitization of the topmost layer occurred for
CNx and a-C:H coatings during the friction in
ESEM chamber.

Fig. 1 - Effect of surface energies on
friction coefficient of CNx

Fig. 2 - Effect of surface energies on
friction coefficient of a-C:H
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ABSTRACT
The paper presents the results of investigations focused on the role of the environment (base
lubricant) of lubricating additives on their effectiveness in lubricating film formation. The
proposed novel mechanism of lubricating additives takes into account the role of molecular
clusters in electrical conductivity regulation. The results of experimental investigations,
shown in the paper, initially confirm the proposed mechanism of lubricating film formation.
The presented test results confirmed that the formation of a thick lubricating film by the
lubricant is possible only if the oil composition contains an "energy carrier"
Keywords: lubricant, lubrication, lubrication additives, lubricating film formation, molecular
cluster.
INTRODUCTION
Previous concepts of the mechanism of lubricating film formation under boundary conditions
can be simplified down to the interaction between additive molecules and surface of machine
element being lubricated. The above-mentioned mechanisms have been developed for many
decades as well as widely described in many publications regarding tribochemistry. This
mechanism does not explain many experimental data, including the influence of base fuel or
oil (without additives) on the ability of lubricating additives to form a lubricating film.
To obtain the appropriate lubricating properties of substances that perform the function of
lubricants (fuels, lubricating oils) among others, various types of lubricity additives are
introduced (Kałużny, 2017). They are attributed the ability to reduce the wear of lubricated
machine elements and reduce the friction resistance. Lubricated machine parts are subjected
to various driving forces (pressure force, slip speed). Lubricating additives selected
experimentally for various parameter ranges differ in their chemical structure. The additives
for fuels, mainly for diesel and turbine engine fuel, are organic acids or their derivatives
(Jankowski, Kowalski, 2015). Additives for lubricating oils, including motor oils, are most
often compounds from the group of zinc dithiophosphates. The influence of the chemical
structure of the additive on the efficiency of its operation is the subject of many studies.
However, experience shows that the efficiency of lubricating additives is also dependent on
the properties of the lubricant base. The dependence of the effectiveness of the lubricity
additive, on the properties of the base lubricant (base oil, fuel) to which it is introduced, is one
of the significant problems in the selection of lubricating additives packages for fuels and
lubricating oils. The mechanisms proposed so far, for the formation of the lubricating layer by
the lubricating additives molecules allow, however, to only taking into account the role of the
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lubricant base in this process to a negligible extent (Gosvami, 2015; Spikes, 2004).
The authors have proposed the novel concept of the mechanism of lubricating film formation
previously. The novel concept is the result of mathematical model of tribochemical processes,
described previously (Kulczycki, 1985; Kajdas, 2008).
αi = (L - L0) / A exp[-Ea/(RT + ε)] [(e0) cos (k2L + k3)] t

(1)

where: αi - coefficient of lubricating additives reactivity; L - mechanical work that should be
done in a tribological system to reach the critical condition, e.g. seizure; L0 - mechanical work
that should be done in a reference system to reach the critical condition, e.g. seizure; T temperature of liquid phase where the reaction takes place, e.g. boundary layer; ε − energy
introduced into the reaction space, other than heat (RT); e0 - energy stream emitted from the
surface of the solid body (catalyst) as low-energy electrons (perpendicular to solid surface);
A, k2, k3 - constant values; t - time.
The above mathematical model refers to this group of lubricity additives, which in the
tribological process undergo chemical reactions, and the efficiency of their operation is
related to the rate at which these reactions take place. The mathematical quantities appearing
in the above-mentioned model are associated with various forms of energy supplied to the
reagents (including lubricity additives). RT reflects the heat brought into the reaction space, εother forms of energy, mainly the energy of electrons and/or photons emitted by the
lubricated surface. The results of previous studies (Kajdas, 2017; Kulczycki, 2017; Kulczycki
2014; Kulczycki, 2016) linking the equation (1) with experimental data allowed proposing the
following mechanism:
˗

˗

˗

˗

in the tribological process - in the process of lubrication the energy flows in two
directions: from the lubricated surfaces to the lubricating film and from the lubricating
film to the lubricated surfaces
the dominance of one of these energy flow directions determines the location of the
chemical reactions which the lubricity additives are subjected to and, consequently, the
type of protective layer produced by these additives
in the case where energy flow to the lubricated surface is dominant the chemical reactions
of the lubricity additive are moved to the surface of the solid; the protective layer is
formed from the reaction products of the lubricity additive in the form of a permanent
deposit on the lubricated surface
in the case where energy flow from the lubricated surface is dominant, the location of
chemical reactions of the lubricity additive can be pushed away from the lubricated
surface; chemical reactions of the lubricity additive allow the formation of a lubricating
film of considerable thickness.

For efficient energy transfer from the lubricated surface to the distant parts of the film,
appropriate molecular structures characterized by the ability to conduct energy are necessary.
Such structures may be molecular clusters, whose occurrence in fuels and lubricating oils is
more and more often presented in the literature (Manil, 2003; Gatchell, Chen, 2014). Clusters,
ordered molecular structures, are characterized by properties other than those of molecules
outside the cluster structure. One of the characteristics of clusters is the ability to accumulate
energy and the ability to conduct energy, through paths determined by the cluster structure.
In the proposed novel concept of the lubricating film formation mechanism by the lubricant
containing a lubricity additive, the role of the molecular structures able to accumulate and
conduct energy was taken into account, Figure 1. It was assumed that molecular ordered
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structures play an important role in creating the lubricating film. Due to their arrangement,
these structures are difficult to remove from the space in which friction occurs. When friction
occurs, they absorb energy from the surface of the lubricated elements and can discharge it
outside the friction zone, where it is dispersed into the environment. Depending on the friction
conditions (pressure, slip speed); the process can be disturbed when the amount of cumulated
energy leads to the destruction of the ordered cluster structure. In these conditions, the
lubricating film cannot be formed or interrupted. The cumulative energy in molecular clusters
can be taken over by the lubricant additive particles. The energy taken over allows initiating
the endothermic chemical reaction of the additive, thanks to which the cumulated energy in
the clusters is transferred to the reaction products of the lubricity additive. These endothermic
reactions of lubricity additives may be reversible, but the inverse, exothermic reaction takes
place out of the friction zone, and the generated energy may be dispersed into the
surroundings more easily. The proposed mechanism is schematically shown in Figure 2.

Fig. 1 - The relation C = A exp[˗Ea/(RT + ε)] [(e0) cos (k2L + k3)]t from the value of parameter y,
which was assumed as a variable that determines the energy response value of the tribological
system to external driving force (L = f(y))

Fig. 2 - The mechanism of lubricity additives impact in the AW area, postulated based on previous test results
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The aim of the research presented in this article is the experimental verification of the
proposed action mechanism of the lubricity additives and the role of molecular structures that
conduct energy in the formation of a lubricating film.
The following hypothesis has been formulated: (a) lubricating additives undergo chemical
reactions in the friction process, creating a thin layer of durable deposits on the metal surface;
deposits partially reduce wear, but they are not the lubricating film; (b) lubricating film is
formed by additives, which undergo chemical reaction inside the film; the kinetics of this
reaction depends on energy transfer from the metal surface to the molecules of the additive
(located inside the film); (c) trigonometric part of eq. (1) shows the preferred pathway of
energy transfer across the film.
RESEARCH METHODOLOGY
The tribological test on the HFRR (High Frequency Reciprocating Test Rig) apparatus was
selected for the verification of the postulated mechanism. This test was chosen due to
(Dzięgielewski, 2015):
˗
˗
˗

large accumulation of energy on a small surface area,
a relatively low value of mechanical forcing − low load,
possibility of continuous measurement of the friction coefficient and the thickness of the
lubricating film during the test.

The test was conducted in standard conditions for fuels, i.e. according to PN-EN ISO 12 156,
according to the procedure described in the PN-ISO 12156 modified for the purposes of this
work. The HFRR apparatus is shown in Figure 3.
The test conditions are as follows:
• Test duration - 75 min
• Frequency of upper ball
vibration - 50 Hz
• Load - 200 g or 500 g
• Temperature of tested fuel at
the beginning of the test - 60
0
C
Fig. 3 - HFRR apparatus-friction node and test conditions

A synthetic oil base PAO 6 was selected for the tests. PAO base oils are a mixture of
isoparaffin hydrocarbons. They do not contain ring hydrocarbons, including aromatic
hydrocarbons. Therefore, they do not contain ingredients predisposed to creating ordered
molecular structures. The basic properties of the PAO 6 oil are shown in Table 1.
Table 1 - PAO6 oil properties
Properties

Unit of measurement
3

Value

Method
ASTM D4052

Specific gravity at 15.6 °C

g/cm

0.827

Kinematic viscosity at
100 °C
40 °C
−40 °C

mm2/s

5.8
31.0
7800
138

Viscosity Index
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In order to verify the hypotheses presented above, lubricating oils were prepared with the
composition as listed below:
1.
2.
3.
4.
5.

PAO6
PAO6 + 1.5%(m/m) ZDDP
PAO6 + 6 ppm ASA
PAO6 + 1.5% (m/m) ZDDP + 6 ppm ASA
Commercial engine oil SAE 5W-30 VW-norm 504.00/507.00

To prepare these oils the following additives were added to PAO6:
˗
˗

a commercial lubricity additive - zinc dithiophosphate with primary alkyl groups (ZDDP)
a commercial additive (ASA) dedicated fuels for turbine aircraft engines in order to
increase their electrical conductivity.
Table 2 - The properties of Zn dithiophosphate (ZDDP)
Properties
Density (25oC)
Viscosity (40oC)
Zn content
P content
S content

Unit of measurement
kg/m3
mm2/s
% weight
% weight
% weight

Value
1160
150
9.0
8.5
16.5

Method
ASTM D1298
ASTM D445
-

The ASA additive is a composition consisting of a C/H/O/S polymer, polyamine and an RSO3H stabilizer. The chemical structure of the ASA additive indicates that its components
can form ordered molecular structures, so that even at very low concentrations (3 ppm) it can
significantly increase the electrical conductivity of the lubricant. The special properties of
molecular clusters indicate that they can be responsible for energy transfer from metal surface
to the additive molecules inside the film. It was assumed that ASA could play the same role,
when it is added to PAO6 base oil.
All of the test oils were tested on the HFRR apparatus. During the tests, the coefficient of
friction and the thickness of the lubricating film were measured. After the tests, the wear track
was measured on the test ball, and the test plates were analysed for the topography of the wear
track and the EDS analysis of the wear track.
RESULTS
Table 3 and Figures 4, 5 and 6 present the results of the HFRR apparatus tests for the tested
oils.
Table 3 - HFRR results for the tested lubricants
Tested oil

Wear scare
corrected [µ
µm]

Average film thickness
[% acc. to HFRR
method]

Average friction
coefficient

PAO

422

1.4600

0.1954

PAO6 + 6 ppm ASA

380

1.0778

0.1942

PAO6 + 1.5%(m/m) ZDDP

285

5.8978

0.1287

PAO6 + 1.5% ZDDP + 6 ppm ASA

200

70.0666

0.1294

Commercial engine oil SAE 5W-30 VWnorm 504.00/507.00

147

80.5178

0.04726
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Fig. 4 - The changes in the thickness of the lubricating film for PAO6-based tested mixtures in the HFRR test
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Fig. 5 - The changes in the thickness of lubricating film for engine oil in the HFRR test

In addition, HFRR tests of commercial engine oil were carried out at a higher load of 500g.
The test was done for standard time duration of 75 minutes and then repeated (using a new
ball, plate and oil sample) for about 20 minutes, i.e. in less time than required to form a
lubricating film. After this time, the wear of the test ball was measured and the EDS analysis
of the wear track on the test plate was carried out. The results presented in Figure 6 indicates
that in the period before the creation of a lubricating film on the lubricated surface, ZDDP
created a deposit layer consisting of sulphur, phosphorus and zinc compounds.

Element

Line

Wt.%

At%

O

KA1

2.16

6.85

P

KA1

2.83

4.63

S

KA1

3.37

5.32

Zn

LA1

10.48

8.12

100.00

100.00

Wt.%
2.29
2.63
4.59
8.37

At%
7.16
4.25
7.17
6.69

Total

Element
O
P
S
Zn

Line
KA1
KA1
KA1
LA1

Fig. 6 - Results of the commercial engine oil in the HFRR test at a load of 500 g. Blue line-coefficient of friction

The EDS results presented in Figure 6 indicate that the elemental composition of the deposit
did not change significantly after creating a thick lubricating film.
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FRICTION TRACK TOPOGRAPHY
Figure 7 shows the topography of abrasion tracks on plates after the HFRR test. The
topography of wear tracks is similar in all studied cases. Near the turning points of the HFRR
apparatus (the smallest slip speed), clear depressions are visible, while in the central part of
the track (the highest slip speed) a pronounced bulge is observed. Clear accumulation of the
material at the edges of the wear tracks was observed. Depending on the composition of the
tested lubricant, the width of the wear track is different and corresponds to the width of the
wear track on the ball. Figure 7 presents the example topography of wear marks of plates
lubricated with pure PAO 6 oil and PAO 6 oil containing the additives of ZDDP and ASA.

PAO 6

PAO 6 + 6ppm ASA

PAO 6 + 1.5% ZDDP

PAO 6 + 1.5% ZDDP +6ppm ASA

Fig. 7 - Impact of the tested PAO 6 additives on the wear track on the HFRR plate, for the comparison all 3D
topography pictures are presented at the same magnification

The anti-wear function of ZDDP can be clearly interfered from Figure 7, when compared to
the results obtained for the base oil without additives or to the same oil enriched only with
ASA. This result could be clearly predicted since ASA is not an AW additive. At the same
time the addition of ASA to ZDDP containing oil results in clearly reduced wear scar
documenting the synergistic effect of ZDDP and ASA in the anti-wear function.
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EDS ANALYSIS
EDS mapping was performed for all plates in the area covering about 1/3 of the length of the
friction track. There is always an extreme part of the friction path together with a fragment of
the surface not subject to friction in the EDS analysis field of view. In order to limit the depth
of the forcing zone, the tests were carried out at an acceleration voltage of 8 kV. This allowed
the analysis of the chemical composition from a very small depth. The mapping results are
shown in Figure 8. Similar results were observed by Qu (Qu, 2015).

PAO 6 + ZDDP

PAO 6 + ZDDP + ASA

P

S

Zn

Fe

Fig. 8 - EDS method test results for the plate surfaces wear tracks after the HFRR test for the PAO6 + ASA +
ZDDP mixture

PAO 6 + ZDDP

PAO 6 + ZDDP + ASA

SEM

Fig. 9 - SEM pictures - comparison for the plates lubricated with ZDDP containing PAO 6 oil and the same
mixture enriched with ASA; SE, 8 kV

EDS studies indicate that ZDDP creates permanent deposits, which are chemical reaction
products of zinc dithiophosphate.
DISCUSSION
According to the most common interpretation in the literature, additives from the ZDDP
group are adsorbed on the surface of the lubricated elements, followed by chemical reactions,
creating stable products - deposits. These deposits are attributed to counteracting the material
wear of the friction components and counteracting scuffing that results from breaking the
lubricating film. The question then arises whether these deposits can be equated with the
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concept of a lubricating film, or whether they replace a lubricating film in cases where the
lubricating film is broken. Views on this subject are varied. Most friction tests boil down to
the examination of the conditions in which the lubricating film is broken (e.g. tests on a fourball device). Published experimental data do not contribute to the development of a coherent
concept of lubricating film and the mechanism of its creation with the participation of
lubricity additives.
The results of the HFRR test presented above, with low forcing values (load, slip speed) in
relation to the friction tests typical for lubricating oils, indicated that in HFRR test conditions,
the lubricating film does not exist from the beginning, but can be created after a certain time.
It has been observed that the condition for creating a film of appropriate thickness is the
presence of not only the ZDDP additive, but also the addition of ASA increasing the electrical
conductivity. Even a fully formulated engine oil, consisting of a synthetic base and a package
of enhancers, is capable of forming a thick lubricating film only after a certain duration of the
test. As shown in the results presented in Table 2, the creation of a lubricant film of
considerable thickness significantly reduces wear. In order to analyse the impact of ZDDP
and ASA additives on the course of the HFRR wear process and the presence of stable
chemical reaction products of the ZDDP additive on the lubricated surface, wear marks on the
test plates topography was checked for signs of wear along with the EDS wear tracks method.
CONCLUSIONS
The presented test results confirmed that the formation of a thick lubricating film by the
lubricant is possible only if the oil composition contains an "energy carrier" - in this case an
ASA additive, increasing the electrical conductivity. Analysis of the obtained research results
leads to the conclusion that the addition of ASA, which can be associated with an ordered
molecular structure, is responsible for transporting energy from the surface of the lubricated
element into the lubricating film (Figure 10). This conclusion is consistent with the
mechanism of creating a thick lubricating film postulated above.

ZDDP + ε

Film
thickeness

ZDDP + e-

Zn, S, P

ASA
CNT

ZDDP + e-

Zn, S,
P

Zn, S,
P

Lubricated element
Fig. 10 - The concept of the ordered molecular structures role in the formation of a thick lubricating film
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The research results presented in this article are consistent with those postulated in earlier
publications (Kajdas, 2017; Kulczycki, 2017) regarding the mechanism of catalytic effect of
lubricated surfaces on chemical reactions of lubricity additives, e.g. ZDDP and allow to
propose a mechanism for creating a thick lubricating film under boundary friction conditions.
This mechanism was based on the role of ordered molecular structures - molecular clusters, in
the transport of energy from the lubricated surface into the lubricant film. As a result, ZDDP
molecules present in the lubrication film receive the energy necessary to initiate endothermic
chemical reactions at a considerable distance from the lubricated surface. The endothermic
reactions of ZDDP in the volume of the lubricating film determine its durability.
The proposed mechanism of creating a lubricating film using ZDDP type additives and the
role of ordered molecular structures in this process requires further verification through
research.
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ABSTRACT
Emissions from diesel engines can be reliably estimated by precise and cheap diagnosis of
wear condition at a low cost and reduced equipment stops. This paper proposes a new
stochastic model to predict the evolution of the wear in a diesel engine without interrupting its
operation. A Markov Chain was developed based on a new debris analysis dataset. The debris
were collected in the exhaust pipe of the engine through an innovative device built in the
Tribology Laboratory of UFRN. The morphology and chemicals compounds of the debris
collected by the device were analyzed using Scanning Electrons Microscope (SEM) and
Energy Dispersive Spectroscopy (EDS), respectively. The identified mechanisms were:
spalling, tribo-corrosion, high temperature damage and delamination. Spalling and tribocorrosion states presented a higher probability with an aperiodic and positive recurrence
behavior. After the period of tests, the Markov chain converged to an equilibrium probability
distribution.
Keywords: particulate matter, debris, Markov chain, predictive maintenance, tribology.
INTRODUCTION
Wear debris analysis consist to diagnose the current condition of machines and to be able to
predict any future wear states and problems (Tonggang, Jian, Xiaohang, and Zhiyi, 2012).
This technique determinate wear mechanisms acting in machine through the concentration,
morphology and chemical composition of wear particles (Kumar, Shankar Mukherjee, and
Mohan Misra, 2013). For optimize wear debris analysis mathematical models, Markov chain
for example, are able to provide accurate condition based predictions of failure probability
(Giorgio, Guida, and Pulcini, 2010).
This paper brings a new application of the wear debris analysis, the debris are collated of the
exhausted pipe of a diesel engine at twenty-hours intervals and their characteristics were used
for building a Markov chain.
RESULTS AND CONCLUSIONS
The relation between the type of debris, morphology and wear mechanisms are shown in
Figure 1. This classification is based on (Kumar et al., 2013).
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Fig. 1 - Wear debris classification.

After accounting for the concentration of each type of debris in the SEM images and verifying
how these values vary in each step of time, the transition probabilities of each state were
established and the graph shown in Figure 2 was set up.

Fig. 2 - Wear debris classification.

The analysis of the states showed a predominance of fatigue damage, which was to be
expected since the engine is probably still in the running-in state. In this sense, it is necessary
for a long-term planning the calculation of the equilibrium distribution of this chain and the
time necessary to enter this condition. For future work, more fault wheel wear mechanisms
can be added to the chain and to calculate the transition probabilities in the steady state.
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ABSTRACT
In the tribological field of engineering, low friction materials have been developed to increase
power efficiency. Especially, oil lubrication is very important because oil lubricant technique
is widely used in wide spread engineering fields.
Recently, because of advance of optical and electrical measuring technology on oil lubricants
and materials in material properties, importance of permittivity on friction in oil lubrication is
started to be indicated. In this study, we prepared different DLC films, whose permittivity is
from 3.5 to 4.8 F/m, and compared friction coefficient. As results, friction coefficient
decreases from 0.10 to 0.08 as permittivity increase from 3.5 to 4.8 F/m. In addition, we
compared friction coefficient of two different materials which have different permittivity. As
permittivity increases from 4 to 100 F/m, friction coefficient decreases from 0.13 to 0.05.
Keywords: permittivity, friction, oil lubrication.

INTRODUCTION
In the tribological field of engineering, low friction materials have been developed to increase
power efficiency. Especially, oil lubrication is very important because oil lubricant technique
is widely used in wide spread engineering fields. It is well known that lubrication conditions
are divided into three mode, boundary lubrication, mixed lubrication and hydrodynamic
lubrication. In the view point of reducing friction in boundary lubrication, using high viscos
oil can be one solution. However, engineers tend to use low viscos oil for reducing friction
loss in hydrodynamic lubrication. On the basis of this background new method to reduce
friction in boundary condition without oil property control is required.
Some researches show that Diamon-like Carbon (DLC) film consisting of nitrogen, called
CNx, has high oiliness. Moreover, importance of permittivity on friction in oil lubrication is
started to be indicated because of advance of optical and electrical measuring techniques
(Nishimura et al., 2016) on oil lubricants and solid films in material properties (Nishimura et
al., 2017). On the other hand, the quantitative comparison between permittivity and friction
properties has not been conducted.
In this study, we prepared some different materials which have different permittivity. And
then, frictional properties depending on permittivity are shown.
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EXPERIMENTAL METHOD
In this study, we prepared two different DLC films, which consisted of hydrogen and
nitrogen. Permittivity of the films were 3.5 and 4.8 F/m, respectively, which were measured
by reflection spectroscopy. In addition, we prepared two different ceramics materials, SiO2
and TiO2, whose permittivity were 4 and 100 F/m.
Frictional properties of the films were clarified by a pin-on-disk type friction tester. SUJ2 ball
which radius was 4 mm was used as counter material. Test was conducted in room
temperature. The sliding speed and normal load were 15.7 mm/s and 0.3 N, respectively.
PAO4 oil is used in all friction tests.
RESULTS AND CONCLUSIONS
The results of friction tests with DLC films and ceramics are shown in Figure 1 and Figure 2,
respectively. As results, friction coefficient decreases from 0.10 to 0.08 as permittivity
increase from 3.5 to 4.8 F/m in the case of DLC films. In the case of ceramics, as permittivity
increases from 4 to 100 F/m, friction coefficient decreases from 0.13 to 0.05. Because surface
roughness of each films and ceramics does not show difference, the surface morphology
seems not to affect friction results. From the results, the new guideline that higher primitive
materials can show low friction with oil lubricants is indicated.

Fig. 1 - Friction coefficient of DLC films
with different permittivity

Fig. 2 - Friction coefficient of different ceramics
materials
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ABSTRACT
This work compares the tensile (uniaxial tension test) stiffness of different meshes used as
prostheses in pelvic floor repair surgeries. Five different commercial meshes were analysed,
all made from polypropylene but with different geometries: Aris™, TVTO™, Uretex™,
Avaulta™ and Auto Suture ™. The mechanical tests performed allowed to identify significant
differences on the mechanical properties of the polypropylene meshes used in urogynecology
surgeries.
Keywords: biomechanics, polypropylene, prosthesis, urogynecology.
INTRODUCTION
In the automobile engine fields, it is generally required that piston ring and liner should be
rubbed by engine oil to prevent wear, reduce friction coefficient to achieve low energy
consumption. One of the most optimistic materials to adapt such requirement is DiamondLike Carbon (DLC) coating. It has the potential to reduce friction coefficient because of its
chemical inertness, higher hardness rather than conventional steel, very smooth surface can
give us excellent tribological performance in some cases. However, some of the chemical
additives which are included in the engine oil cause to enhance wear of DLC. Many of
research works of the effect of chemical interaction between additives and DLC were reported
(Komori, 2016) (Feo, 2016), but the detail wear mechanism of DLC is still unclear because
those chemical additives in oil are able to change its chemical shape during friction test. To
clarify the effect of degradable material such as molybdenum based particles derived from
MoDTC, the authors were carried out friction test with those particles (Tokoroyama, 2016)
(Tokoroyama, 2017), then it was revealed that MoO3 was able to enhance wear acceleration
of amorphous hydrogenated carbon (a-C:H) rather than silicon doped a-C:H (DLC-Si). In this
study, Mo based materials (pure Mo, Mo2C, MoS2 and power type MoDTC) were selected to
add them into base oil to clarify wear acceleration possibility of a-C:H and DLC-Si.
The friction test was conducted by Ball-on-Disk (BoD) type friction tester. The a-C:H or
DLC-Si specimen was set on oil bath stage which was connected to motor with a coupling,
and it was supported by two axial bearings. Normal load and friction force was measured by
strain gauges which were set on leaf springs as load and friction force sensor. The body of
leaf spring was made by stainless steel. The load sensor was connected to X-Z stage, and the
normal load was applied by pressing a counter material by Z-axis position change. The strain
of normal load and friction force was magnified by the strain amplifier to voltage value, then,
the value was transmitted to PC through data logger as 10 data per second (sampling
frequency was 10 Hz). The counter material was stainless steel ball (SUJ2) with 8 mm
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diameter which was cleaned by 15 min. in acetone ultrasonically before friction test. The
friction test speed was approximately 50 mm/s and the total number of sliding cycles was
1500 cycles. The normal load was approximately 1 N.
RESULTS AND CONCLUSIONS
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The specific wear rate of a-C:H is shown in Figure 1(a); Figure 1(b) shows its enlargement as
representative data. In the case of adding Mo2C in Fig. 1(a) clearly indicated that Mo2C had
most effective wear acceleration material rather than others. On the other hand, in the case of
pure Mo and MoS2 in Figure 1(b) clearly showed that both materials did not enhance wear
acceleration of a-C:H. The MoDTC particle and MoO3 showed wear acceleration rather than
Mo or MoS2. The hardness of Mo2C was measured by nano-indentation tester which revealed
that its hardness was approximately 14.7 GPa. Those results indicated that Mo2C acted as
abrasive particles, which is similar to polishing/rapping in manufacturing field. The Surface
Enhanced Raman Spectroscopy (SERS) was conducted to inside/outside of wear scar on the
a-C:H. The ID/IG ratio, G peak position and FWHM (Full Width Half Maximum) of before
and after friction increased from 0.52 to 0.54 (ID/IG), 1569 cm-1 to 1571 cm-1 and 114 cm-1 to
116 cm-1, however, the changes of them was truly small. Therefore, the structure of a-C:H did
not change to graphite like structure, it meant that Mo2C did not interact chemically between
a-C:H during friction.
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Fig. 1 - (a) Specific wear rate of a-C:H under several particles; (b) enlargement of (a)
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ABSTRACT
The investment casting using multi-layered ceramic moulds allows manufacturing of
geometrically complex components of the aircraft engine, such as turbine blades, vanes and
casings. Operating under harsh condition that include high pressure and temperature above
1000˚C cause that the above mentioned elements are usually called critical components of the
jet engines. They are mostly made of nickel-based superalloys. High requirements concerning
accuracy of shape and dimensions of the cores significantly limit the possibility of producing
high quality injection moulds. Nowadays only a several companies in the world are able to
produce them with appropriate dimensional accuracy, tolerances and internal standards
characterizing the given foundry (assumed wax and metal shrinkage, ceramics working
conditions, etc.). The delivery time of these moulds can reach up to even one year. Thus, this
led to use of 3D printing technologies in the manufacturing processes of ceramic cores used
during lost-wax casting.
Keywords: rapid prototyping, ceramics, aviation, investment casting.
INTRODUCTION
The aim of the work was to verify the use of 3D printing technology using the LITHOZ
CeraFab 8500 printer to produce ceramic cores for the investment casting of critical
components of the aircraft engines.
The study included:
1. Roughness survey to compare conventional cores with these produced using 3D
printing techniques,
2. Shape and dimensions control by comparing the geometry with the CAD model,
3. Production of wax casting models,
4. Manufacturing of the multilayer ceramic mould,
5. Implementation of vacuum casting process using previously formed mould.
RESULTS AND CONCLUSIONS
Colour CAD deviation maps show the comparison between the conventional and 3D printed
cores (Table 1).
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Table 1 - Summary of roughness parameters
Tapes
Sq (average square surface roughness deviation)
Ssk (skewness of ordinates coefficient)

3D printing

Classic injection
technique

2.2639 µm

2.0039 µm

0.12775

- 0.12081

Sp (ordinate distribution concentration factor)

11.467 µm

13.050 µm

Sv (maximum depth of surface recess)

8.7347 µm

15.776 µm

Sz (ten point height of unevenness of surface)

16.585 µm

20.294 µm

Sa (arithmetic mean deviation of roughness)

1.7816 µm

1.4799 µm

Based on the results of the research, the following conclusions were made:
1) The surface quality expressed by the roughness parameters specified in the test is
acceptable,
2) Shape and dimensions of the cores are acceptable taking into account the influence of
the core geometry on thermal processes that occur in the ceramic mould, and thus on
the method of thermal insulation for appropriate control of the solidification front,
elimination of the casting defects like porosity,
3) The cores were fully etched using standard techniques,
4) No metal/ceramic reaction was observed- lack of reactivity of core material,
5) It is possible to develop an effective industrial 3D printing technology for the
production of ceramic casting cores,
6) There is a prospect of using printed ceramic casting cores in the manufacturing of
aircraft engine elements by replacing the cores produced by the conventional method.
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ABSTRACT
The results of this study help to evaluate the sensitiveness of 3D printed polymer structures
against fatigue crack growth. Fatigue crack propagation (FCP) experiments are very sensitive
in regard to process-induced anisotropy. It reveals the potential of 3D printing with regards to
its development from a “rapid prototyping” to a “rapid manufacturing” technique for technical
products. The results of the investigations show that the FCP properties of 3D printed
components are comparable to injection molded of similar material and geometry.
Keywords: fatigue crack growth, 3D printing, FFF, FDM, APF, additive manufacturing.
INTRODUCTION
Additive manufacturing (AM) technologies enable the production of plastic components with
complex geometries that cannot be realized by conventional mold-based processes. Since
polymer components are mainly exposed to dynamic loading in daily use, it is utterly
necessary to characterize the fatigue properties of additive manufactured polymer structures
and to understand how inherently existing material defects affect the durability of the
components. However, in contrast to the numerous publications focusing on the quasi-static
mechanical properties, just few investigations with regards to the behavior of dynamic loaded
3D-printed polymer parts have been carried out (Blattmeier, 2011; Munguia et al., 2014).
In this study, the performance of 3D-printed (Arburg plastic freeforming - APF and fused
filament fabrication - FFF) polymer compact tension (CT) samples under dynamic mechanical load is analyzed and compared to injection molded (IM) samples by investigating the
fatigue crack propagation (FCP) behavior. The build-up direction of the CT-samples which
are based on acrylonitrile butadiene styrene (Terluran® GP-35) is varied to evaluate
influences of the process-induced anisotropy.
RESULTS AND CONCLUSIONS
It can be concluded that the fatigue crack growth behavior of Fused Filament Fabrication
(FFF) samples hardly depends on the build-up direction. The stress intensity factor at which
the crack growth is initiated (Kth) is on the same level as for IM samples. Moreover, the crack
propagation rate is quite similar for FFF and IM specimens. By contrast, the crack growth
resistance of horizontally printed APF samples is partially higher than that of conventional IM
components (see Figure 1).
The FFF-specimen analyzed in this study show just a low level of anisotropy with regards to
the FCP. Due to the significant anisotropy of the static mechanical properties (tensile strength
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varies up to 50%) (Ziemian et al., 2012, Ahn et al., 2002) this behavior is unexpected. APF
components exhibit an anisotropic behavior (see Table 1). The FCP is significantly decreased
by a vertical build-up.
Table 1 - Characteristic FCP values of 3D printed APF-samples
Build-up

∆Kth

∆Kcrit

direction

(MPa√m)

(MPa√m)

Horizontal 0° Infill

0.28

2.02

Horizontal 90° Infill

0.27

2.33

Vertical

0.21

1.31

Injection molding

0.27

2.27

(a)
(b)
Fig. 1 - (a) Testing set-up for the analysis of the fatigue crack growth behavior. 1: CT-specimen; 2:
load application device; 3: transducer. (b) Comparison of FCP properties of in plane printed CTsamples with a 90°-infill. The curve of an injection molded sample is plotted as a benchmark.

The results of the investigations show that not just the static mechanical properties but
moreover the FCP properties of 3D printed components are comparable to injection molded
ones.
ACKNOWLEDGMENT
The authors gratefully acknowledge Mr. Brückner for supporting the measurements.
REFERENCES
[1] Blattmeier, M., Witt, G., Wortberg, J. et al. Influence of surface characteristics on fatigue
behaviour of laser sintered plastics. Rapid Prototyping Journal, 2012, Vol. 18-2, pp. 161-171.
[2] Munguia, J., Dalgarno, K. Fatigue behaviour of laser-sintered PA12 specimens under
four-point rotating bending. Rapid Prototyping Journal, 2014, Vol. 20-4, pp. 291-300.
[3] Ziemian, C., Sharma, M. and Ziemian, S. Anisotropic mechanical properties of ABS
parts fabricated by fused deposition modelling. Mech. Eng., 2012, pp. 159-180.
[4] Ahn, S.-H., Montero, M., Odell, D., Roundy, S. and Wright, P. K. Anisotropic material
properties of fused deposition modeling ABS. Rapid Prototyping J., 2002, Nr. 8, pp. 248-257.

-950-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid.
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1
PAPER REF: 7125

FATIGUE RESPONSE OF AS BUILT DMLS PROCESSED MARAGING
STEEL AND EFFECTS OF MACHINING, HEAT AND SURFACE
TREATMENTS
Dario Croccolo1, Massimiliano De Agostinis1, Stefano Fini1, Giorgio Olmi1(*), Francesco Robusto1,
Snezana Ciric-Kostic2, Aleksandar Vranic2, Nusret Muharemovic3, Nebojsa Bogojevic2
1
Department of Industrial Engineering (DIN), University of Bologna, Bologna, Italy
2
Faculty of Mechanical and Civil Engineering in Kraljevo, University of Kragujevac, Serbia
3
Plamingo d.o.o., Gračanica, Bosnia and Herzegovina
(*)
Email: giorgio.olmi@unibo.it

ABSTRACT
The main motivations for this study arise from the need for an assessment of the fatigue
performance of DMLS produced Maraging Steel MS1, when it is used in the “as fabricated”
state. The literature indicates a lack of knowledge from this point of view, moreover the great
potentials of the additive process may be more and more incremented, if an easier and cheaper
procedure could be used after the building stage. The topic has been tackled experimentally,
investigating the impact of heat treatment, machining and micro-shot-peening on the fatigue
strength with respect to the “as built state”. The results indicate that heat treatment
significantly enhances the fatigue response, probably due to the relaxation of the post-process
tensile residual stresses. Machining can also be effective, but it must be followed (not
preceded) by micro-shot-peening, to benefit from the compressive residual stress state
generated by the latter.
Keywords: DMLS, maraging steel, “as built” state, machining, heat treatment.
INTRODUCTION
The Additive Manufacturing (AM) process is based on layer manufacturing, without any
additional tools or machining processes (Bourell, 2009; Aliakbari, 2012; Pandey, 2010;
Herderick, 2011) Direct Metal Laser Sintering (DMLS) and Selective Laser Melting are the
two most important Additive Manufacturing technologies. Both of them are powder bedbased technologies.
Concept of layered built parts dates from more than one century. AM enables manufacturing
without tools, using just one AM machine fed by a CAD model. This is split into twodimensional layers with constant thickness, by specific software; the layers can be regarded as
areas that will be melted with proper thickness. Every new layer is fused with the previous
one during the AM process. The part is progressively built, repeating this process until the last
layer is stacked.
There are several AM technologies, depending on the handled material, on how the material is
applied or fused, etc. Powder Bed technology is based on material application on the entire
building surface; afterwards, the laser or electron beam melts the area that corresponds to the
sliced surface. The process is repeated, until part completion. Wire or powder feed technology
is based on the step-by-step material application and melting, until the surface that
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corresponds to the sliced layer is formed. In this case, the material is applied to the surface
that is being manufactured only. A further classification of the AM techniques deals with the
principle of material melting (laser beam, electro beam, electro-arc etc.). In almost all the
technologies for AM of metal parts, the material is completely melted and bonding between
layers is achieved during solidification. DMLS and SLM are nowadays quite close
technologies and their different names mostly arise from different trademarks (Shellabear,
2004; Nicoletto, 2018). At the early stages of development of these technologies, components
after manufacturing were remarkably porous, as not full density could be achieved, due to
partial fusion. The smelting and sintering processes were different and the processed materials
were mainly based on Iron, Copper and Nickel alloy. Moreover, additional processing was
mandatory, to achieve better density and fusion (Campanelli, 2010; Naiju, 2011).
AM technologies are and more and more used in the industrial field and is also attracting
interest with regard to biomechanics. Using 3D CT scanners, it is possible to model custom
implants that perfectly fit the person’s need (Parthasarathy, 2011; Jardini, 2016; Jardini,
2014). Materials with good bio-compatibility can be processed by AM, which gives them
good potentials for dental and medical purposes (Bertol, 2010).
The layer based manufacturing provides a particular microstructure affecting the build parts
that is different the casted structure of the same wrought material. In AM, material melting
and cooling rates are very high. Fast melting is the result of high energy concentration,
whereas fast cooling arises from the small amount of melted material with low surrounding
temperature. This high temperature gradient usually induces high tensile residual stresses.
Part building starts on thick steel plate (base-plate). Part can be built directly on the plate or
with an additional support structure, generated between the plate and the part. Its purpose is
part constraining; moreover it facilitates heat flow from the part during the scanning (melting)
process. The support structure needs to be strong enough, to efficiently restrain any kind of
deformation that residual stress can cause. The generation of a residual stress state affecting
the fabricated component is indeed a drawback of this process that is usually tackled by
suitable heat of surface treatments. Machine manufacturers usually provide some data
regarding the mechanical properties of AM built parts in the material datasheets
(https://www.eos.info/material-m). However, these mainly deal with static properties, such as
ultimate tensile strength, yield strength, hardness, mechanical characteristics after ageing etc.
Therefore, there is a great interest towards the fatigue response and the impact of the post
manufacture treatments.
Maraging steel is one of the most promising materials, for use in Additive Manufacturing
(Brookes, 2016). Density of AM built parts is generally higher than 90%. Hardness of AM
built parts from Maraging Steel is similar to those made by conventional ways like casting. It
has good mechanical properties and it can be a good candidate for high-carbon steel
substitution. It is resistant to corrosion and crack initiation during tempering and has good
machinability (Yasa, 2010; Kempen, 2011; Casalino, 2015). It has a relatively high ultimate
tensile strength (UTS) after the heat treatment, around 2000MPa. Thanks to its high UTS, it is
a promising material to be used for structures operating under high states of load in many
fields. This becomes more attractive, considering that AM technologies gives the chance to
build multi-part object as a single part (https://www.eos.info/industries_markets/aerospace
/engines), making it possible to built monolithic complexly shaped components in small
batches. Research contributions on the Fatigue limit (FL) and the fatigue strength (FS) of
Maraging steel made by some of AM processes are quite limited, to the best of the authors’
knowledge. This paper presents a follow-up of a previous research by the same authors
(Croccolo, 2016).
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Components produced by AM can have different orientation with respect to the stacking
direction of the layers. The aim of the previous research was to explore the effect of build
orientation on the fatigue strength of Maraging Steel samples built by DMLS EOS M280
machine. The obtained results indicate that part orientation did not have significant effect on
FS and FL, when the part were treated by micro-shot peening and heat treatment after the
stacking process, thus meeting the powder producer recommendations. The components had
than been machined with 0.5 mm allowance, in order to get an optimal surface finishing. The
aforementioned outcomes were also confirmed by the study (Croccolo (IRF2018), 2018),
involving the same material. A further research (Croccolo, 2018)was then focused on
Stainless Steel PH1 and led to a partial confirmation: some effect was observed in this case,
probably due to different material properties and stacking parameters.
Literature studies dealing with the effects of the stacking process on the mechanical properties
of the parts made by AM are few. Most the research deals with the effects of the process
parameters as well as of post-processing on tensile static strength (Casati, 2016; Gibson,
1997; Baufeld, 2010). Few papers are concerned with the fatigue strength of Aluminium alloy
(Edwards, 2014; Bača, 2016; Konečná, 2016), Inconel alloy (Smith, 2016) and Titanium alloy
samples (Brandl, 2012). Review papers have been written, trying to collect all the
technologies and all the available mechanical testing results (Lewandowski, 2016). However,
a lack of consistency between the testing procedures and the obtained results can be noticed,
when all these data are merged together.
There is nowadays an increasing interest in lowering down post-manufacturing expenses in
AM, and in speeding up the process from design to installation. Sometimes, post processing is
not possible, for instance, when treating lattice structures, cooling channels in injection
moulds or in turbine blades. In particular, machining or shot-peening cannot be performed on
internal surfaces, on the other hand, running an heat treatment could be expensive and time
consuming. This interest is also testified by some recent studies (Nicoletto, 2018; Kahlin,
2017) that have dealt with the fatigue properties of Ti-6Al-4V in its as built state. It is clear
that the as built surface condition is likely to introduce a detrimental effect on fatigue with
respect to the machined condition. Therefore, an intensive study is needed to clarify if postprocessing treatments, including machining or heat treatment, can be skipped and, if so, how
the best compromise between costs and the strength that can be accomplished. This was the
main motivation that led to this study, whose aim was to investigate the effects of heat
treatment, machining and shot-peening on the fatigue response of DMLS built Maraging
Steel. This topic has been tackled experimentally: for this purpose, an experimental campaign
has been arranged as a factorial plane, with a total amount of five treatment combinations.
Fatigue tests have been run on all the sample types, finally working out the fatigue curves in
the finite life domain and the fatigue limits. These results have then been compared and
discussed, based on statistical methods.
MATERIALS AND METHODS
The testing procedure was based on ISO 1143 Standard for rotating bending fatigue testing
(ISO 1143, 2010). The Standard defines the testing procedure, the load scheme and the
specimen geometry. Specimens were designed with cylindrical smooth geometry with
uniform 6mm diameter at the gage. The smallest recommended dimension by the Standard
has been chosen as the best compromise, between Standard consistency and manufacturing
costs. A drawing of the specimen is shown in Figure 1. The specification regarding surface
quality was not considered for the “as built”, to properly account for the influence of
machining.
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Fig. 1 - Technical drawing of the sample for fatigue tests under rotating bending (all dimensions in mm)

The specimens have been manufactured by M280 DMLS machine (EOS GmbH - Electro
Optical Systems, Germany), equipped by Ytterbium fibre laser with 200W power and
emitting 0.2032mm thickness and 1064nm wavelength infrared light beam
(https://www.eos.info/systems_solutions/metal/systems_equipment/eosint_m280). Specimen
material was MS1 maraging steel MS1 (by EOS GmbH - Electro Optical Systems, Germany),
equivalent to 1.2709 steel (https://www.eos.info/material_m/werkstoffe/download/EOS_
MaragingSteel_MS1.pdf) and also reported as 18% Ni Maraging 300 or AISI 18Ni300. The
chemical composition of the material is provided in Table 1. Specimen manufacturing was
done in the processing chamber of the machine with working area of 250×250mm in
horizontal plane and with maximum building height up to 325mm. The base plate was
preheated to the temperature of 40°C.
Table 1 - Chemical composition of Maraging steel MS1
Ni
[%]

Co
[%]

Mo
[%]

Ti
[%]

Al
[%]

Cr
[%]

Cu
[%]

C [%]

Mn
[%]

Si [%]

17-19

8.59.5

4.55.2

0.60.8

0.050.15

≤ 0.5

≤ 0.5

≤ 0.03

≤ 0.1

≤ 0.1

P
[%]
≤ 0.01

S
[%]
≤ 0.01

Fe
[%]
Bal.

Manufacturing process typically takes place in nitrogen inert atmosphere, generated from
compressed air by nitrogen generator that is built inside machine. The process chamber
consists of three platforms and recoater: The Dispenser platform, where material powder is
contained, the Building platform, on which the base plate is set and the building process is
done, the Collector platform for the collection of excess material. A scheme of the building
chamber is shown in Figure 2.

Fig. 2 - A scheme of the chamber of the utilised EOS machine
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The material was applied with 40µm thickness that corresponds to the recommended layer
thickness for the MS1 Maraging Steel. The building parameters (laser speed, laser power,
laser offset, layer thickness etc.) of the EOSINT M280 for MS1 sample manufacturing were
kept constant for all the stacking tasks. They were provided by the EOS as a predetermined
set of parameters named “PERFORMANCE”. This parameter set can be regarded as a good
compromise between surface quality and manufacturing speed.
The canning strategy consisted in parallel traces on every layer; for next layer, scanning
strategy was rotated by an angle of 67°. The contour of the scanned surface was finally
rescanned, in order to get better surface quality. Example of the scanning process is shown in
Figure 3(a).
The specimens were built directly on the base plate, with vertical orientation, without using a
support structure, Figure 3(c). Proceeding this way, the surface quality of the specimens in the
as fabricated state was unaffected by the support structure teeth traces on the surface. After
the building process, the specimens were taken from the process chamber, cleaned from
excessive powder by micro-shot-peening, using stainless steel spherical shots with 400µm
diameter under a flow pressure of 5 bar. This treatment is usually performed, to close the
process induced porosities and to generate compressive residual stresses that slightly reduce
the tensile residual state induced upon fabrication. The samples were then cut off from the
base plate, by wire cutting with Electrical Discharge Machining (EDM).

Fig. 3 - (a) As Built specimens during scanning, (b) Specimens cleaning from powder, (c) Specimens after
micro-shot-peening

The samples planned for heat treatment underwent age-hardening by heating in oven. The
temperature was increased from room temperature to 490 °C in 1h, afterwards, they were kept
at constant temperature for additional 5h (total 6h process), before gradual cooling in fresh
air. This heat treatment is usually recommended, to achieve a reduction of the process induced
tensile residual stresses, with a potential beneficial effect on the fatigue response of the built
parts (Sanz, 2013; Aboulkhair, 2016). Then, the specimens planned for machining, were
ground with 0.5 mm allowance with the aim of achieving the surface quality required by the
ISO 1143 Standard as well as to improve the fatigue performance (ISO 1143, 2010).
The experimental campaign was arranged, according to the scheme in Table 2: in particular,
the 2-by-2 design was run first, in order to investigate the impacts of heat treatment and
machining with surface refinement. The sample set named N involved samples that
underwent micro-shot-peening, but neither heat treatment not machining. The samples from
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set M were micro-shot-peened and then machined, whereas those of set H underwent microshot-peening and subsequent aging treatment. Finally, for the HM condition, consisting in
peened, heat treated and machined samples, the global curve determined in (Croccolo
(IRF2018), 2018) was used. As explained in this reference, it can be regarded as the most
general and reliable model for the fatigue behaviour in the full treatment condition at the
current state of the art.
Table 2 - Design of the experiment

Aging Heat
Treatment

No
Yes

No
Set N
Set H

Yes
Set M
Set HM

Machining
Yes, with subsequent shot-peening
Set MP

The experimental design was then completed by the addition of a further combination, named
MP: in this case, the samples underwent machining just after fabrication and then shotpeening by steel shots with 0.7 mm diameter. This surface treatment was carried out with shot
flow under 5 bar pressure. This latest combination was added, to investigate the effect of the
different post-processing order on the fatigue response. The main motivation supporting this
choice was that, despite the material manufacturer recommendations, the beneficial residual
stress state yielded by post-fabrication peening was likely to be completely removed by the
subsequent machining with 0.5 allowance.

Fig. 4 - (a) Clamped specimen after breakage, (b) Specimen running, (c) Chuck collet

The specimens were mounted on the testing rig, tightening their heads into chuck collet, on
both sides of the specimen Figure 4. Load was kept constant and bending moment was
constant at gage during testing. The Testing rig, for four-point rotating bending was described
in (Croccolo, 2016).
The samples were tested until failure or until 107 cycles, to be regarded as run-out. Each
sample set consisted of 7 to 15 specimens. Using the aforementioned procedure, it was
possible to obtain FL and the S-N curve for finite life domain. The fatigue limit was obtained
by the Dixon stair-case method for small number of sample trials with failure or non-failure
outcomes (Dixon, 1969). The Dixon method is a modified stair-case method that makes it
possible to estimate FL even from small series of nominal trials (in this case four to seven).
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Standard deviation was estimated to estimate the uncertainty and to determine the confidence
band for FL at the 90% confidence level. ISO 12107 was used for processing the data in finite
life domain (ISO 12107, 2012). Data were linearly interpolated in logarithmic diagram. Upper
and lower bounds of the logarithmic curve were determined, based on the standard deviation
of fatigue life, with the probability of failure of 90% for upper limit and 10% for lower limit
and with the confidence level of 90%.
EXPERIMENTAL PROCEDURE
All the samples have undergone geometry measurement, to check requirements
accomplishment. Diameter dimension and surface roughness have been measured at the head
and at the gage. For this purpose, a micrometre screw gauge, (with the resolution of 0.01mm)
and a portable surface roughness tester (with the resolution of 0.01 µm, Handysurf E-30A;
Carl Zeiss AG, Oberkochen, Germany) have been used.
Diameter measurement checks have been done at two points at the heads, replicating
measurement with 90° rotations at each point, for a total of eight replications, including both
the specimen heads. Diameter at the gauge was measured at three points, with two
replications for each, by 90° rotation, for an overall number of 6 replications.
Surface roughness on both heads and on the gage was measured over eight replications. In
particular, roughness was averaged over 4 mm runs along the longitudinal axis, considering
90° angled spots with two repetitions for each. Measurement at the gage was performed only
on the samples that got broken during the fatigue testing, due to the impossibility to correctly
align the roughness tester in the unbroken ones. The retrieved measurements were anyway
sufficient to get evidence of the roughness mean value at gage.
Some average values of the diameter and surface roughness measurements are provided in
Table 3 with reference to Set N. Specimen types 1 and M are well consistent with the drawing
requirements presented in Figure1. Surface roughness values for the unmachined specimen
types were almost five times higher than specifications, which is reasonable, considering that
these specimens were in as-built condition.
Table 3 Dimensional and roughness (Ra) measurements with regard to the samples of Set N
Specimen
ID
N.1
N.2
N.3
N.4
N.5
N.6
N.7
N.8
N.9
N.10
N.11
N.12
N.13
N.14

Mean
[mm]
6.09
6.09
6.08
6.09
6.09
6.09
6.09
6.09
6.09
6.09
6.10
6.08
6.08
6.09

Gage diameter
Roughness
St. dev.
[mm]
Ra [µm]
0.012
4.24
0.010
4.12
0.008
3.97
0.008
4.37
0.005
4.57
0.009
--0.010
--0.007
--0.007
4.07
0.009
5.12
0.012
4.54
0.012
2.30
0.009
3.75
0.014
4.21

Head diameter (left side)
Roughness
Mean
St. dev.
[mm]
[mm]
Ra [µm]
10.07
0.020
5.54
10.08
0.004
5.48
10.06
0.010
5.19
10.07
0.013
4.74
10.07
0.019
5.28
10.07
0.012
4.75
10.08
0.007
4.43
10.07
0.008
4.24
10.06
0.010
4.76
10.08
0.011
5.65
10.08
0.014
4.72
10.07
0.015
4.86
10.08
0.008
5.10
10.05
0.003
4.48

Head diameter (right side)
Roughness
Mean
St. dev.
[mm]
[mm]
Ra [µm]
10.06
0.024
3.92
10.07
0.004
4.47
10.05
0.014
4.49
10.05
0.017
4.53
10.05
0.015
5.49
10.06
0.014
4.68
10.06
0.009
4.77
10.05
0.018
4.76
10.05
0.019
4.18
10.05
0.019
6.02
10.06
0.018
4.83
10.05
0.006
4.34
10.06
0.012
4.57
10.05
0.018
4.07

The fatigue tests were carried out, loading the samples under four-point rotary bending.
Tightening was done in such a way that specimen heads could not have any chance to revolve
inside chuck collets. After specimen was mounted, radial misalignment of the gage section
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was checked, as recommended by the aforementioned Standard. Testing was done under
rotating bending load with stress ratio R=-1 and with the frequency of 60Hz. Fractographic
and micrographic analysis have been done as well for some samples, after the end of the
testing campaign to examine fracture initiation and propagation areas. In particular, some
specimens were cut, embedded into phenolic resin, and polished for micrographic analysis, as
in Figure 5.

Fig. 5 - Sample preparation for micrographies, in particular the resin embedded sample (longitudinal and cross
sections) is depicted on the right

Specimen surface was etched with combination of 150cc of water (H2O), 50cc of Chloridric
Acid (HCl), 25cc of Nitric Acid (HNO3) and 1g of Calcium Chloride. Etching was done at
room temperature for 70 seconds.
RESULTS
The results of the testing campaign are collected in Tables 4 to 7. The Tables provide data
regarding specimen ID, nominal stress value at the gage, observed life and comment
regarding the trial outcome. In particular, “Run-out” indicates that the specimen survived
testing at given load after 107 cycles, whereas “Y” indicates that failure occurred. In this case,
the number of cycles to failure is also reported.
Table 4 - Results of the fatigue tests on the samples of Set N
Specimen ID

Stress [MPa]

Life [N]

Failure

N.1

610

175,804

Y

N.2

550

236,637

Y

N.3

490

3,577,212

Y

N.4

430

8,336,653

Y

N.5

400

9,659,056

Y

N.6

370

Run-out

N

N.7

400

Run-out

N

N.8

430

Run-out

N

N.9

460

8,069,582

Y

N.10

430

Run-out

N

N.11

460

9,900,777

Y

N.12

610

151,212

Y

N.13

550

156,691

Y

N.14

490

687,908

Y
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Table 5 - Results of the fatigue tests on the samples of Set H
Specimen ID

Stress [MPa]

Life [N]

Failure

H.2
H.4
H.7
H.15
H.1
H.3
H.5
H.6
H.16
H.8
H.9
H.10
H.17
H.11
H.12
H.13
H.14

579
550
520
490
460
490
460
460
430
460
579
550
490
520
490
490
550

65,841
73,082
169,324
779,587
Run-out
8,503,786
198,385
2,589,275
Run-out
2,614,325
100,886
2,245,442
Run-out
124,220
131,030
20,111,214
640,238

Y
Y
Y
Y
N
Y
Y
Y
N
Y
Y
Y
N
Y
Y
N
Y

Table 6 - Results of the fatigue tests on the samples of Set M
Specimen ID

Stress [MPa]

Life [N]

Failure

M.1
M.2
M.3
M.4
M.5
M.6
M.7
M.8
M.9
M.10

610
520
460
400
370
340
370
340
370
400

81,160
219,333
2,415,186
7,885,879
3,035,027
Run-out
7,879,073
Run-out
Run-out
5,662,050

Y
Y
Y
Y
Y
N
Y
N
N
Y

Table 7 - Results of the fatigue tests on the samples of Set MP
Specimen ID

Stress [MPa]

Life [N]

Failure

19.12
19.1
19.3
19.7
19.8
19.2
19.4
19.5
19.6
19.10
19.9
19.11
19.13
19.15

400
430
460
490
520
580
520
490
460
430
400
430
460
820

Run-out
7,156,630
7,486,110
3,327,981
1,513,780
1,424,868
2,397,072
1,968,952
5,462,365
5,398,139
Run-out
Run-out
4,550,671
29,369

N
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
Y
Y
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Maximum bending stress [MPa]

1,000

2X
1X
1X

Exp. data
S-N curve

Type N samples
Tests under rotating bending
R = -1
f = 60Hz

100
1.00E+04

1.00E+05

1.00E+06

Lower limit
Upper limit

1.00E+07

Life Cycles
Fig. 6 - S-N curve along with its confidence band with regard to Set N

Maximum bending stress [MPa]

1000

2X
1X
1X

Exp. data
S-N curve

Type H samples
Tests under rotating bending
R = -1
f = 60Hz

100
1.00E+04

1.00E+05

1.00E+06

Lower limit
Upper limit

1.00E+07

Life cycles
Fig. 7 - S-N curve along with its confidence band with regard to Set H

The results of the fatigue tests were processed, to obtain the S-N curves in the finite life
domain (ISO 12107, 2012). Curves trends together with their upper (90% failure probability)
and lower (10% failure probability) bounds at the 90% confidence level, are shown in Figures
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6 to 9 (with reference to Sets N, H, M, MP), using double logarithmic scale, including also
details regarding specimen type, load ratio and testing frequency, and arrows indicating run
outs. The related equations are provided in Table 8, in the terms of the coefficients of the
formulas in Eq.s (1) and (2), considering the linear model that proved to be the most suitable,
based on (ISO 12107, 2012).
Log ( N ) = b0 + b1 ⋅ Log (S )
S = 10

−

b0
b1

⋅N

(1)

1
b1

(2)

Table 8 - Coefficients of the determined S-N curves, according to the linear model of (ISO, 2012), with
reference to Eq.s (1-2)
Set ID

b0

b1

10-b0/b1

1/b1

N

38.99

-12.18

1,592

-0.082

H

47.73

-15.49

1,207

-0.065

M

30.20

-9.06

2,146

-0.110

MP

28.69

-8.26

2,970

-0.121

Maximum bending stress [MPa]

1,000

1X
2X

Exp. data
S-N curve

Type M samples
Tests under rotating bending
R = -1
f = 60Hz

100
1.00E+05

1.00E+06

1.00E+07

Life Cycles
Fig. 8 - S-N curve along with its confidence band with regard to Set M
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Maximum bending stress [MPa]

1000

1X
2X

Exp. data
S-N curve
Lower limit

Type MP samples
Tests under rotating bending
R = -1
f = 60Hz

100
1.00E+04

1.00E+05

1.00E+06

Upper limit

1.00E+07

Life cycles
Fig. 9 - S-N curve along with its confidence band with regard to Set MP

DISCUSSION
The S-N curves in the finite life domain were processed by the ANOVA-based methodology
that was introduced in (Olmi, 2012) and successfully applied in (Croccolo, 2016; Croccolo
(IRF2018), 2018). The 2-by-2 plane was treated first, following the procedure that is
described in more details in (Croccolo, 2016). The Analysis of Variance was followed by the
Fisher test, to discuss the significance of the effects of the heat treatment and of machining
along with their interaction. The outcome (reported in Table 9), based on a lifespan ranging
from 104 and 107, was that both factors were highly significant, accepting a probability of
error, commonly regarded as p-value, in the order of 10-5. The interaction is also significant
with a p-value around 10-6.
Table 9 - ANOVA Table for the two-factor design (lifespan between 104 and 107)
Sum of
squares

Degrees of
freedom

Failure

Fisher’s
ratio

p-value

SSBR: Effect of the heat treatment

0.0164

1

0.0164

19.71

3⋅10-5

SSBC: Effect of machining

0.0187

1

0.0187

22.51

10-5

SSI: Interaction

0.0236

1

0.0236

28.39

10-6

SSE: Error

0.0633

76

0.0008

The four curves, corresponding to the sets referenced as N, M, H, and HM are plotted together
in the graph in Figure 10. It can be observed that, starting from the curve for Set N, coloured
in black, the red one for Set H is very close, whereas the yellow one for Set M indicates a
slightly lower strength.
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Fig. 10 - Comparison between the S-N curves in the finite life domain for Sets N, M, H, and HM

These results were interpreted in the light of a further analysis. The same procedure being
described in (Croccolo (IRF2018), 2018), regarding one-way ANOVA, was here applied to
compare the two curves (black and red) corresponding to the Sets (N and H) in the as built
state with and without heat treatment. The same procedure was subsequently applied to
compare the S-N plots (black and yellow) for the samples without heat treatment in the as
fabricated state or that underwent machining. In both cases, the outcome was the differences
are not significant, i.e. the curves are statistically the same. Regarding the effect of heat
treatment without machining, it must be remarked that the build process of a Maraging Steel
usually leads to a not high tensile residual stress field, due to the low coefficient of thermal
expansion (CTE), if compared to that of other materials, e.g. Stainless Steel (Croccolo 2016).
In fact, the lower CTE, the lower the induced residual stresses (Fergani, 2017; Croccolo,
2018). Therefore, considering the lower amount of residual stresses, being also reduced by
shot-peening, the application of heat treatment becomes ineffective. In other words, the
peening treatment seems to provide a sufficient contribution against the process induced not
remarkably high tensile residual stresses.
The further outcome of the performed analysis, i.e. the counter-intuitive slightly detrimental
effect of machining, can be explained with reference to the beneficial compressive residual
stresses induced by micro-shot-peening being removed by machining. This result indicates
that the positive effect of surface finishing is compensated by the simultaneous removal of the
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surficial layers, where the peening induced compressive state was able to provide some
protection against crack propagation. This effect can be observed in the not heat treated
samples, where micro-shot-peening plays indeed an important role at relaxing the detrimental
tensile residual stresses, as also remarked in the previous paragraph.
Finally, regarding the forth curve, the green one for the HM condition, it keeps much higher
than all the others. It indicates the high positive interaction between the two considered
factors: in other words, if they are applied together, they have a synergic effect at remarkably
enhancing the fatigue strength. On one hand, the heat treatment becomes highly beneficial,
when the effect of shot peening is removed through machining, and machining is also
significantly beneficial, as it refines the surface, while simultaneously the heat treatment
drops down the residual stress state induced by the stacking process.
A final analysis was conducted, including also the curve for the MP Set. The S-N curves for
Sets N, M and MP, i.e. for all the Sets, which did not undergo the aging treatment, are plotted
together in Figure 11. The tool of one-way ANOVA with three levels has been utilised again
to compare the three curves. The result was that the fatigue strength in the finite life domain is
significantly incremented, when shot-peening is performed after machining, i.e, when the
curve for the MP Set is compared to the other two ones. This outcome is a further proof for
the importance of shot-peening: applying it after machining makes it possible to take
advantage of both the induced compressive residual stress (which compensates that induced
by the building process, in absence of heat treatment) and the better surface finishing.

Fig. 11 - Comparison between the S-N curves in the finite life domain for Sets N, M, and MP

The fatigue limits for all the sample types with their confidence band (90% confidence level)
are shown in the bar graph in Figure 12. As mentioned above, the fatigue limits were worked
out by the Dixon method with related confidence analysis, except for Set HM: in this case, the
fatigue limited was extrapolated by the S-N curve as the stress corresponding to an expected
life of 107 cycles. The scatter evaluated in the finite life region was also applied at the fatigue
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limit, while keeping the same level of confidence for comparison purposes (Meneghetti,
2017). The estimated value of FL for sample type HM is 573MPa, for sample type H is
471MPa, for sample type N is 426MPa, for sample type M is 363MPa, finally for Set MP is
423 MPa. The sample sets named H and HM underwent heat treatment, whereas the other
three ones were without heat treatment. The UTS of MS1 Maraging Steel is 1100MPa in the
as built condition, after hardening it is incremented up to 2050MPa, corresponding to almost
100% increase of UTS, following heat treatment (https://www.eos.info/material_m/
werkstoffe/download/EOS_MaragingSteel_MS1.pdf).

Fig. 12 - Fatigue limits for 10 million cycle run-out with regard to all the sample Sets in the
experimental design.

Regarding Sample types HM and H, their FL is respectively 28% and 23% of UTS. Sample
types N, M and MP were without hardening and their FL is indeed lower, but respectively
38%, 33%, 38% of the corresponding UTS without heat treatment. Moreover, the Sets N and
MP have very close FLs, whereas the latter yields much better performance for finite life, as
remarked above. These ratios are much lower than the commonly accepted ratios of FL over
UTS of 50% for machined samples, but are in agreement with some literature research, when
considering as built parts (Stoffregen, 2014; Niemann, 2005). This is not surprising, due to the
layered characteristic of specimens. Sample type N proved to have a greater FL than
machined sample type M.
During fractographic and micrographic analysis some porosities were observed. During
fractographic analysis of break surface of both sides of the broken sample, it was found that
crack initiation and nucleation starts at one point on the surface or just beneath it, at a distance
of about 80 µm from the surface, as shown in Figure 13. Some amount of voids and
inclusions were noticed on fractured surface of all samples. It is indeed possible that voids or
inclusions were responsible for crack initiation: most cracks actually seem to start from such
defects. Only one crack initiation point was generally observed.
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Fig. 13 - (a) A crack initiating from a porosity in a sample of Set M; (b) a large void that
triggered a failure in a specimen of Set H.

It must be pointed out that laser scanning traces were visible both in longitudinal and in
transverse sections, regardless of heat treatment execution.

Fig. 14 - Micrographies on a sample of Set N (without heat treatment) depicting (a) laser
scans over the build plane and (b) stacked layers along the build direction. Inclusions are
highlighted.

Fig. 15 - Micrography on a sample of Set H (with heat treatment), depicting laser scans
over the build plane (cross section)
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Some inclusions were noticed and marked with arrows in Figure 14. The scanning pattern in
build plane section in Figure14 (a) indicates some scanning traces underneath with rotation
angles corresponding to the aforementioned angle of 67°. Specimens without heat treatment
had more pronounced scanning traces than those that had undergone the heat treatment by age
hardening, which had conversely a more uniform microstructure. The microstructure of a
sample of Set H is shown in Figure 15. This outcome indicates that heat treatment had some
effect on fusion of the laser traces but was not effective at completing deleting these traces.
For all the four sample types a comparable amount of inclusion was observed. Heat treatment
had no effect on the presence of porosities in material.
CONCLUSIONS
This paper aims at a study on machining and heat treatment effects on fatigue limit and
fatigue strength of Maraging Steel specimens manufactured by DMLS EOSINT M280
machine. Five sample sets were considered, all with vertical stacking direction during
building. All the four initial sets underwent micro-shot-peening after the building process.
One Set was tested in the as built condition, without heat treatment, a second one underwent
an aging heat treatment but was kept in the as fabricated state. A third set was machined
without heat treatment. Finally, an S-N curve coming from previous studies was used for
comparison reason: it refers to samples that underwent heat treatment and then machining, as
recommended by the material manufacturer. All the experimental results were processed for
the determination of S-N curves in the finite life domain and fatigue limits. Statistical
methods were used to compare the curves and their outcomes indicated that heat treatment
without machining has a negligible effect, as shot-peening is able to reduce the process
induced residual stress state, which is not particularly high due to material properties. The
generally positive effect of machining is compensated by the removal of the surface layers
treated by micro-shot-peening, when heat treatment is not performed. Finally, when heat
treatment and machining are applied together, they have a synergic beneficial effect and the
fatigue strength is remarkably incremented.
A fifth set was added to the experiment to investigate, if performing the peening treatment
after machining without heat treatment could have a positive effect on the fatigue strength.
The statistical analysis confirmed this outcome: refining the surface and then applying a
compressive residual stress state leads to a fatigue enhancement in the finite life domain. It is
important to remark that a good tuning of the post-process parameters can lead to a fatigue
limit in the order of almost 40% the ultimate tensile strength, just ten points lower than the
commonly accepted 50% ratio for wrought material.
The study was completed by fractographic and micrographic analyses. The first ones made it
possible to individuate some porosities, which were the main sources for crack initiation at
approximately 80 µm from the surface. The second one made it possible to compare the
microstructures with and without the heat treatment. In the first case, the scanning traces are
still visible, but the microstructure is made more uniform.
As a future development of this research, the case of shot peening being performed on heattreated and machined samples will be considered. Moreover, it will be also the chance to
investigate the effect of the position on the chamber on the fatigue response.

-967-

Symp-05: Additive Manufacturing and Rapid Prototyping

ACKNOWLEDGMENTS
The research presented in this paper has received funding from the European Union’s Horizon
2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement
No. 734455.
REFERENCES
[1] Bourell DL, Beaman JJ, Leu MC, Rosen DW. A brief history of additive manufacturing
and the 2009 roadmap for additive manufacturing: looking back and looking ahead. In
Proceedings of RapidTech, 2009, pp. 24-25.
[2] Aliakbari M. Additive manufacturing: State-of-the-art, capabilities, and sample
applications with cost analysis. Master of Science Thesis, Production Engineering and
Management, Department of Industrial Production, KTH, Stockholm, Sweden, 2012.
[3] Pandey PM. Rapid prototyping technologies, applications and part deposition planning.
Department of Mechanical Engineering Indian Institute of Technology, India, 2010.
[4] Herderick E. Additive manufacturing of metals: A review. Materials Science &
Technology, 2011, pp. 1413-1425.
[5] Shellabear M, Nyrhilä O. DMLS-Development history and state of the art. In Laser
Assisted Netshape Engineering 4, Proceedings of the 4th LANE, 2004, pp. 21-24.
[6] Nicoletto G. Directional and notch effects on the fatigue behavior of as-built DMLS
Ti6Al4V. International Journal of Fatigue, 2018, 106, pp. 124-131.
[7] Campanelli SL, Contuzzi N, Angelastro A, Ludovico AD. Capabilities and performances
of the selective laser melting process. In New Trends in Technologies: Devices, Computer,
Communication and Industrial Systems. InTech, 2010.
[8] Naiju CD, Adithan M, Radhakrishnan P. An Investigation of Process Variables
Influencing Fatigue Properties of Components Produced by Direct Metal Laser Sintering.
KMUTNB: International Journal of Applied Science and Technology, 2011, 4(1), pp. 63-69.
[9] Parthasarathy J, Starly B, Raman S. A design for the additive manufacture of functionally
graded porous structures with tailored mechanical properties for biomedical applications.
Journal of Manufacturing Processes, 2011, 13(2), pp.160-170.
[10] Jardini AL, Larosa MA, Macedo MF, Bernardes LF, Lambert CS, Zavaglia CAC,
Maciel Filho R, Calderoni DR, Ghizoni E, Kharmandayan P. Improvement in Cranioplasty:
Advanced Prosthesis Biomanufacturing. Procedia CIRP, 2016, 49, pp. 203-208.
[11] Jardini AL, Larosa MA, Maciel Filho R, de Carvalho Zavaglia CA, Bernardes LF,
Lambert CS, Calderoni DR, Kharmandayan P. Cranial reconstruction: 3D biomodel and
custom-built implant created using additive manufacturing. Journal of Cranio-Maxillofacial
Surgery, 2014, 42(8), pp.1877-1884.
[12] Bertol LS, Júnior WK, da Silva FP, Aumund-Kopp C. Medical design: direct metal
laser sintering of Ti-6Al-4V, 2010, Materials and Design, 31(8), pp.3982-3988.
[13] https://www.eos.info/material-m.
[14] Brookes KJ. Maraging steel for additive manufacturing - Philipp Stoll’s paper at DDMC
2016. Metal Powder Report, 2016, 71(3), pp.149-152.
-968-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

[15] Yasa E, Kempen K, Kruth JP, Thijs L, Van Humbeeck J. Microstructure and
mechanical properties of maraging steel 300 after selective laser melting. In Solid Freeform
Fabrication Symposium Proceedings, 2010, pp. 383-396.
[16] Kempen K, Yasa E, Thijs L, Kruth JP, Van Humbeeck J.. Microstructure and
mechanical properties of Selective Laser Melted 18Ni-300 steel. Physics Procedia, 2011, 12,
pp. 255-263.
[17] Casalino G, Campanelli SL, Contuzzi N, Ludovico AD. Experimental investigation and
statistical optimisation of the selective laser melting process of a maraging steel. Optics &
Laser Technology, 2015, 65, pp.151-158.
[18] https://www.eos.info/industries_markets/aerospace/engines.
[19] Croccolo D, De Agostinis M, Fini S, Olmi G, Vranic A, Ciric‐Kostic S. Influence of the
build orientation on the fatigue strength of EOS Maraging steel produced by additive metal
machine. Fatigue & Fracture of Engineering Materials & Structures, 2016, 39, pp. 637-647.
[20] Croccolo D, De Agostinis M, Fini S, Olmi G, Robusto F, Muharemovic N, Bogojevic
N, Vranic A, Ciric-Kostic S. Experimental study on the sensitivity of DMLS manufactured
Maraging Steel fatigue strength to the build orientation and allowance for machining. In
Proceedings of the 6th International Conference Integrity-Reliability-Failure (IRF2018),
Lisbon, Portugal, 2018.
[21] Croccolo D, De Agostinis M, Fini S, Olmi G, Bogojevic N, Ciric‐Kostic S. Effects of
build orientation and thickness of allowance on the fatigue behaviour of 15-5 PH stainless
steel manufactured by DMLS. Fatigue & Fracture of Engineering Materials & Structures,
2018, 41, pp. 900-916.
[22] Casati R, Lemke JN, Tuissi A, Vedani M. Aging Behaviour and Mechanical
Performance of 18-Ni 300 Steel Processed by Selective Laser Melting. Metals, 2016, 6(9),
218, pp. 1-13
[23] Gibson I, Shi D. Material properties and fabrication parameters in selective laser
sintering process. Rapid Prototyping Journal, 1997, 3(4), pp.129-136.
[24] Baufeld B, Van der Biest O, Gault R. Additive manufacturing of Ti-6Al-4V
components by shaped metal deposition: microstructure and mechanical properties. Materials
& Design, 2010, 31, Supplement 1, pp. S106-S111.
[25] Edwards P, Ramulu M. Fatigue performance evaluation of selective laser melted Ti6Al-4V. Materials Science and Engineering: A, 2014, 598, pp.327-337.
[26] Bača A, Konečná R, Nicoletto G, Kunz L. Influence of build direction on the fatigue
behaviour of Ti6Al4V alloy produced by direct metal laser sintering. Materials Today:
Proceedings, 2016, 3(4), pp. 921-924.
[27] Konečná R, Kunz L, Bača A, Nicoletto G. Long fatigue crack growth in Ti6Al4V
produced by direct metal laser sintering. Procedia Engineering, 2016, 160, pp. 69-76.
[28] Smith DH, Bicknell J, Jorgensen L, Patterson BM, Cordes NL, Tsukrov I, Knezevic M.
Microstructure and mechanical behavior of direct metal laser sintered Inconel alloy 718.
Materials Characterization, 2016, 113, pp. 1-9.
[29] Brandl E, Heckenberger U, Holzinger V, Buchbinder D. Additive manufactured
AlSi10Mg samples using Selective Laser Melting (SLM): Microstructure, high cycle fatigue,
and fracture behavior. Materials & Design, 2012, 34, pp. 159-169.
-969-

Symp-05: Additive Manufacturing and Rapid Prototyping

[30] Lewandowski JJ, Seifi M. Metal additive manufacturing: a review of mechanical
properties. Annual Review of Materials Research, 2016, 46, pp. 151-186.
[31] Kahlin M, Ansell H, Moverare JJ. Fatigue behaviour of additive manufactured
Ti6Al4V, with as-built surfaces, exposed to variable amplitude loading. International Journal
of Fatigue 2017, 103, pp. 353-362.
[32] International Organization for Standardization ISO 1143:2010 (E) Metallic Materials Rotating Bar Bending Fatigue Testing, International Organization for Standardization (ISO),
Geneva, Switzerland, 2010.
[33] https://www.eos.info/systems_solutions/metal/systems_equipment/eosint_m280.
[34] https://www.eos.info/material_m/werkstoffe/download/EOS_MaragingSteel_MS1.pdf.
[35] Sanz C, Navas VG. Structural integrity of direct metal laser sintered parts subjected to
thermal and finishing treatments. Journal of Materials Processing Technology, 2013, 213(12),
pp. 2126-2136.
[36] Aboulkhair NT, Maskery I, Tuck C, Ashcroft I, Everitt NM. Improving the fatigue
behaviour of a selectively laser melted aluminium alloy: Influence of heat treatment and
surface quality. Materials & Design, 2016, 104, pp. 174-182.
[37] Dixon WJ, Massey FJ. Introduction to statistical analysis (Vol. 344). McGraw-Hill,
New York, United States, 1969.
[38] International Organization for Standardization ISO 12107:2012, Metallic Materials Fatigue Testing - Statistical Planning and Analysis of Data, International Organization for
Standardization (ISO), Geneva, Switzerland, 2003.
[39] Olmi G. Low cycle fatigue experiments on Turbogenerator steels and a new method for
defining confidence bands. Journal of Testing and Evaluation, 2012, 40 (4), Paper ID
JTE104548.
[40] Fergani O, Berto F, Welo T, Liang SY. Analytical modelling of residual stress in
additive manufacturing. Fatigue & Fracture of Engineering Materials & Structures, 2017, 40,
pp. 971‐978.
[41] Meneghetti G, Dengo C, Lo Conte F. Bending fatigue design of case-hardened gears
based on test specimens. Proceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science, 2017, DOI: 10.1177/0954406217712278.
[42] Stoffregen HA, Butterweck K, Abele E. Fatigue analysis in selective laser melting:
review and investigation of thin-walled actuator housings. In 25th Solid Freeform Fabrication
Symposium, 2014.
[43] Niemann G, Winter H, Hohn BR. Maschinenelemente, Springer-Verlag, Berlin,
Germany, 2005.

-970-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid.
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1
PAPER REF: 7126

EXPERIMENTAL STUDY ON THE SENSITIVITY OF DMLS
MANUFACTURED MARAGING STEEL FATIGUE STRENGTH TO
THE BUILD ORIENTATION AND ALLOWANCE FOR MACHINING
Dario Croccolo1(*), Massimiliano De Agostinis1, Stefano Fini1, Giorgio Olmi1, Francesco Robusto1,
Nusret Muharemovic2, Nebojsa Bogojevic3, Aleksandar Vranic3, Snezana Ciric-Kostic3
1
Department of Industrial Engineering (DIN), University of Bologna, Bologna, Italy
2
Plamingo d.o.o., Gračanica, Bosnia and Herzegovina
3
Faculty of Mechanical and Civil Engineering in Kraljevo, University of Kragujevac, Serbia
(*)
Email: dario.croccolo@unibo.it

ABSTRACT
This work derives its motivations from the increasing interest towards Additive
Manufacturing and the lack of studies, mainly in the field of fatigue. The effect of build
orientation and of allowance for machining on DMLS produced Maraging Steel MS1 has
been assessed. The experimental results, properly set up by tools of Design of Experiment,
have been statistically processed and compared. The outcomes were that, probably due to
effect of the thermal treatment, machining and material properties, the aforementioned factors
do not have a significant impact on the fatigue response. This made it possible to work out a
global curve that accounts for all the results, consisting in a high amount of data points. This
can be regarded as one of the most generable and reliable fatigue models being currently
available in the literature. Fracture surfaces have been carefully studied as well, individuating
the initiation points being usually located at sub-surface porosities. Micrographies along the
stacking direction and the build plane have been performed as well.
Keywords: additive manufacturing, DMLS, maraging steel, rotating bending fatigue.
INTRODUCTION
Nowadays, Additive Manufacturing (AM) technologies are attracting a remarkable interest
from industry, civil constructions and academia, considering its great potentials and its large
applications. AM makes it possible to achieve the production of even much complicated
geometries directly from three-dimensional CAD (computer aided design) models in a short
time (Branco, 2018), thus remarkably reducing the time from conception to market.
Moreover, through a full exploitation of metal AM technique, lighter parts can be obtained:
the capability of building even highly complicated shapes, which would not be affordable by
conventional production methods, makes it possible to significantly increase the strength to
weight ratio. This technique is more and more used in many strategic fields, e.g. automotive,
aerospace, as well in the biomedical and injection molds industries (Becker, 2016; Branco,
2018).
The most widely used techniques of AM for metals are Selective Laser Melting (SLM) that
emphasizes the use of a laser as energy source, and Direct Metal Laser Sintering (DMLS) that
makes use of a laser to selectively sinter some solid areas of the cross section of the built part.
Nowadays, these two techniques can be regarded as being basically the same, according to
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(Croccolo, 2018; Herderick, 2011; Lewandowski, 2018; Nicoletto, 2018). Both have the
capability of building metal parts layer-by-layer, starting from a highly controlled metal
powder (Abe, 2001; Santos, 2006). The CAD 3D model is initially split into several slices,
individuating the cross sections corresponding to each slice. This makes it possible to convert
a 3D problem into a 2D one. Afterwards, a high power laser is used to selectively fuse
metallic powder particles, by some scans with controlled direction, which generate the solid
shape of the part. After the consolidation of one powder layer, a new powder layer is stacked,
the base plate is moved downwards, and the aforementioned processed is repeated until the
completion of the component. During this building process, a large part of metal powder is
generally unused, but can then be recycled, which makes it possible to strongly reduce the
waste of raw material.
However, AM techniques also have some drawbacks arising from their typical cast structure,
involving high surface roughness, presence of pores or sometimes oxides and thermal tensile
residual stresses. These are due to remarkably steep temperature gradients affecting the layers
and significant cooling rates. Despite these outcomes, previous studies in the literature, as
well as data sheets by powder producers, indicate that their monotonic properties can be well
comparable to those of wrought material, with an isotropic response regardless of the build
orientation during the stacking process. Anyway, a further issue with AM processed parts
arises from the lack of a sufficiently high amount of studies dealing with their fatigue
properties, considering that this is the most frequent state of load in the previously mentioned
application fields. According to the literature (Niemann, 2005) the fatigue limit is often
coarsely estimated as the 50% of the ultimate tensile strength (UTS) of the material,
considering conventional subtractive manufacturing. The determination of a correct fatigue
limit to UTS ratio for additively produced parts is still under investigation.
Maraging steels are particularly suitable to powder bed fusion manufacturing techniques, such
as DMLS or SLM (Casati, 2017). Moreover, they exhibit a high performance in terms of UTS
(close to 2,000 MPa, following aging treatment, regardless of the build orientation (EOS web
site)) and of fracture toughness, which makes them promising materials in many fields.
However, a possible issue is that a lack of studies, dealing with the fatigue response of this
material, can be still observed in the scientific literature. A previous research (Croccolo,
2016) investigated the fatigue response (in terms of both the fatigue strength in the finite life
domain and the fatigue limit) of Maraging steel MS1 (also reported as 18% Ni Maraging 300
or AISI 18Ni300). An experimental campaign was aimed at the investigation of the potential
impact of the build orientation on fatigue, following heat aging treatment and machining with
0.5 mm allowance. The outcome was that the results were consistent for the three considered
build orientation and the estimated fatigue limit was around 590 MPa, corresponding to 29%
of the UTS. Consequently, the post manufacture treatments (aging and machining) proved to
be able to remove any source of anisotropy. The determined fatigue limit to UTS ratio was
also consistent with those of the experimental campaigns described in (Karlinski, 1999;
Nagano, 2007; Wang, 2010; Chen, 2013; Schuller, 2015) that dealt with Maraging steels in
wrought conditions. A recent study (Santos, 2016) has been focused on the effect of the laser
scan speed on both static and fatigue performance, as well as on the porosities induced in the
microstructure. However, the tests were conducted under subsequent blocks with different
stress range and are therefore not comparable to the previous ones. Moreover, one build
orientation only (vertical with respect to the powder bed) has been considered. Other studies,
e.g. (Becker, 2016), are mainly focused on the static properties or on the effect of the process
parameters on the achieved microstructure of AM processed Maraging steel parts (Mutua,
2018). An interesting and particularly recent study is presented in (Berto, 2017), where AISI
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18Ni300 samples were involved in a quite extensive low-cycle fatigue campaign. However,
this study was more oriented to the elasto-plastic behaviour in the low-cycle fatigue domain,
rather than to the fatigue response in the nominally elastic field and to its dependence on build
or post-process parameters.
The subject of the present study consists in an extension of the outcomes of (Croccolo, 2016):
it aims at investigating the build orientation effect for increased allowance for machining, and
then to better investigate the potential effect of allowance on the fatigue strength of the built
and then machined components. The parts have all been produced by DMLS using a
commercial machine by EOS. These two goals have been tackled by designing a suitable
experimental campaign that completes and integrates the previous one described in (Croccolo,
2016). Regarding the study on allowance, motivations stem from some recent researches
(Zhang X, 2017; Zhang J, 2016; Van Hooreweder, 2012), which are starting to focus on the so
called “size effect”, i.e. the effect of the amount of material to be removed after sintering on
mechanical properties. The here reported results indicate a remarkably slower crack growth
rate, following machining from oversized blocks. The fatigue performance of machined Ti6Al-4V samples with suitable selection of allowance has also been the topic of the study
(Wycisk, 2015), which confirms the general interest in this point. A recent study (Croccolo,
2018) has studied the effect of allowance on fatigued 15-5 PH Stainless steel, reporting a
beneficial effect of the incremented allowance. This is presumably due to the removal of the
surficial layers around the contour, where the concentration of voids is statistically higher,
and to the drop of residual stresses.
EXPERIMENTAL
The experimental campaign involved Maraging steel MS1 (also reported as 18% Ni Maraging
300 or AISI 18Ni300), whose chemical composition is provided in Table 1. The material
powder was supplied by EOSGmbH - Electro Optical Systems, Krailling/Munich, Germany).
Fatigue testing was carried out under rotating bending, following the ISO 1143. Specimen
geometry was chosen accordingly, with reference to the cylindrical smooth shape with
uniform cross section at gage. The samples were manufactured with 6 mm diameter at gage
and 10 mm diameter at the heads as a good compromise to reduce production costs, while
ensuring agreement with the Standard.
Table 2 - Chemical composition of Maraging steel MS1
Ni [%] Co [%] Mo [%] Ti [%]
17-19

8.5-9.5

4.5-5.2

Al [%]

0.6-0.8 0.05-0.15

Cr [%] Cu [%]
≤ 0.5

≤ 0.5

C [%]
≤ 0.03

Mn [%] Si [%]
≤ 0.1

≤ 0.1

P
[%]

S
[%]

Fe [%]

≤ 0.01

≤ 0.01

Bal.

The specimens were manufactured by EOSINT M280 system (EOS GmbH - Electro Optical
Systems, Krailling/Munich, Germany), equipped with Ytterbium fibre laser with 200W power
and emitting 0.2032mm thickness and 1064nm wavelength infrared light beam. The process
takes place in an inert environment in a working space with 250 × 250 mm dimensions on the
horizontal plane and a maximum height of 325 mm. The layer thickness was set to 40 µm and
a parallel scan strategy with alternating scan direction was adopted. This direction was rotated
by 70° at every layer, to get a better structure uniformity. Moreover, a contour line was
scanned at every layer to better define the external shape.
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The experimental campaign was arranged according to Table 2 that takes two parameters into
account: build orientation and allowance. In particular, three levels were considered for the
first factor: horizontal, vertical and slanted (45° inclined) with reference to the inclination of
the sample main axis of inertia with respect to the horizontal base plate during the deposition
process with vertical stacking direction. Regarding the allowance factor, it refers to the
allowance accounted during the machining task at every sample gage. Five levels were
considered: 0.5, 1, 2, 3 and 4 mm. For the sake of clarity, consistently with the study
(Croccolo, 2018), a double notation has been used: the sample Sets have been identified by
both their sequential number and a letter (H for horizontal, V for vertical, and S for slanted),
followed by a number indicating the entity of allowance. It is worth mentioning that this study
must be regarded as a follow-up of the previous one included in (Croccolo, 2016): in
particular, the sets with numbers 1-3 were included in that previous research. The current one
has dealt with sets #4 to #9, to investigate the effect of the build orientation at incremented (3
mm) allowance and to then deepen the study on allowance for fixed (vertical) build
orientation. The blank boxes indicate not investigated treatment combinations, due to their
reduced interest for production and design purposes.
Table 2 - Design of the experiment
Allowance [mm]
Horizontal
Build orientation

Vertical
Slanted

0.5
Set #2
(H,0.5)
Set #1
(V,0.5)
Set #3
(S,0.5)

1.0

2.0

Set #7
(V,1)

Set #8
(V,2)

3.0
Set #4
(H,3)
Set #6
(V,3)
Set #5
(S,3)

4.0

Set #9
(V,4)

After the building process and before machining all the samples underwent the recommended
surface and heat treatments by the powder producer. In particular, they were treated by microshot-peening, in order to close the pores that may be induced by laser sintering. Afterwards,
an aging heat treatment, consisting in age-hardening at 490°C for 6 hours (EOS Web Site)
was conducted. This treatment, which is aimed at reducing the tensile residual stresses, arising
from the stacking process, was performed with the samples being still connected to their
supports. Finally, the specimens underwent machining and refining by grinding with the aim
of accomplishing the roughness and dimensional specifications and of improving the fatigue
performance.
The fatigue testing was aimed at the determination of the S-N curves and the fatigue limits
(FLs). An abbreviated staircase method was applied to determine the FL, according to the
Dixon method (Dixon, 1983; Olmi, 2010; Olmi, 2013; Van Hooreweder, 2012). A life
duration of 107 cycles was set as run-out, as suggested by the literature and in accordance
with (Croccolo, 2016). A confidence analysis (90% confidence level) was also performed
based on the standard deviation of FL (scattering of the experimental results) and on the size
of the sequence that led to its computation. The data in the finite life domain were processed
according to the Standard ISO 12107 (ISO, 2012): both the linear and the quadratic model
have been worked out and the general linear test has then been applied, to assess the
significance of the improvements arising from the latter. Lower and upper bounds to be
wrapped around the curves have been determined, considering failure probabilities of 10%
and 90% and with a 90% confidence level. The fatigue tests were performed under rotating
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bending (load ratio R=-1, frequency, f=60Hz), so that each sample was loaded under a four
point-bending configuration with constant bending moment at gage.
The experimentation was preceded by dimensional checks and roughness measurements that
involved every sample. For this purpose, a micrometer screw gage, a digital caliper (both with
the resolution of 0.01mm) and a portable surface roughness tester (with the resolution of 0.01
µm, Handysurf E-30A; Carl Zeiss AG, Oberkochen, Germany) were used. Measurements
were carried out with 4 replications at each head and with 6 replications at gage. The sample
diameter was measured along 90° angled direction. As for roughness, Ra was retrieved
considering again 90° angled spots, averaging the roughness profiles over a 4 mm tester shift.
Measurements related to the Set #6 are collected in Table 3. Some roughness measurements at
the gage are missing, when the related sample survived the fatigue testing: in this cases Ra at
heads only was retrieved, due to the impossibility to correctly align the roughness tester at the
gage for unbroken samples. At the end of the fatigue testing, crack surfaces were carefully
analysed for the individuation of the crack nucleation point and of internal defects, oxides or
porosities. For this purpose, a Stemi 305 stereo-microscope (by ZEISS, Oberkochen,
Germany) as well as an Optiphot-100 optical microscope (by Nikon, Melville, NY, United
States) have been utilized. Micrographies have also been performed, performing cuts of the
samples along the cross section and along their longitudinal direction, thus individuating the
microstructure along the build direction and on the deposition plane. After proper surface
texturing, chemical etching (for 1 min 20 s at room temperature) has been performed,
according to the following recipe: 150ml H2O, 50ml HCl, 25ml HNO3, 1g CuCl2. The
samples have then been observed by the aforementioned optical microscope.
Table 3 - Dimensional and roughness (Ra) measurements with regard to the samples of Set #6
Specimen
ID
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13

Mean
[mm]
6.00
6.00
6.00
5.99
6.00
6.00
5.99
5.99
5.99
6.00
6.00
5.99
6.00

Gage diameter
Roughness
St. dev.
[mm]
Ra [µm]
0.008
0.819
0.008
0.785
0.008
0.758
0.010
--0.007
0.779
0.013
0.738
0.009
--0.006
0.748
0.007
0.736
0.007
0.733
0.007
0.733
0.007
0.745
0.008
0.769

Head diameter (left side)
Roughness
Mean
St. dev.
[mm]
[mm]
Ra [µm]
10.02
0.001
0.315
10.01
0.002
0.295
10.01
0.002
0.294
10.02
0.001
0.304
10.01
0.002
0.336
10.01
0.002
0.388
10.01
0.002
0.294
10.02
0.002
0.331
10.01
0.002
0.320
10.01
0.002
0.346
10.01
0.003
0.313
10.02
0.001
0.353
10.02
0.002
0.404

Head diameter (right side)
Roughness
Mean
St. dev.
[mm]
[mm]
Ra [µm]
10.01
0.001
0.275
10.02
0.001
0.269
10.02
0.000
0.293
10.02
0.001
0.271
10.02
0.002
0.305
10.02
0.002
0.286
10.02
0.000
0.309
10.02
0.001
0.330
10.02
0.001
0.286
10.01
0.002
0.286
10.02
0.001
0.261
10.01
0.000
0.270
10.01
0.001
0.308

RESULTS
The results of the fatigue tests for samples Sets #4 to #9 are collected in Tables 4-9: in
particular, sample identifier, the applied load (in terms of stress at the gage) and the observed
life are provided. As mentioned above, the fatigue curve in the finite lifespan domain were
processed according to ISO 12107 (ISO, 2012) through the determination of both the linear
and the quadratic models. The general linear test always led to the outcome that the
improvements yielded by the latter were not significant. Therefore, the linear model proved to
be the most suitable to process all the results. The fatigue curves can be expressed as in Eq.
(1) or Eq. (2), the related coefficients are expressed in Table 10 for each sample Set.
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Table 4 - Results of the fatigue tests on the samples of Set #4
Specimen ID
4.1
4.2
4.3
4.4
4.6
4.7
4.8
4.9
4.10

Stress [MPa]
759
700
670
640
580
610
580
550
550

Life [N]

Failure

554,382
3,435,461
387,562
5,642,058
--8,255,277
9,289,822
9,472,904
---

Y
Y
Y
Y
N
Y
Y
Y
N

Table 5 - Results of the fatigue tests on the samples of Set #5
Specimen ID

Stress [MPa]

Life [N]

Failure

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10

700
670
639
610
639
610
580
550
760
820

3,499,346
6,092,545
4,554,231
--8,214,794
9,367,065
9,612,600
--1,807,539
503,537

Y
Y
Y
N
Y
Y
Y
N
Y
Y

Table 6 - Results of the fatigue tests on the samples of Set #6
Specimen ID

Stress [MPa]

Life [N]

Failure

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13

759
700
640
610
640
610
579
610
881
881
821
821
579

3,411,585
5,499,068
7,468,459
--8,456,821
7,982,955
--8,247,250
445,085
243,461
1,265,354
1,591,045
6,547,376

Y
Y
Y
N
Y
Y
N
Y
Y
Y
Y
Y
Y

Table 7 - Results of the fatigue tests on the samples of Set #7
Specimen ID

Stress [MPa]

Life [N]

Failure

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9

759
699
639
610
579
550
520
550
520

1,664,344
2,716,753
4,854,824
2,733,629
4,263,093
8,686,316
--8,308,210
---

Y
Y
Y
Y
Y
Y
N
Y
N
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Table 8 - Results of the fatigue tests on the samples of Set #8
Specimen ID

Stress [MPa]

Life [N]

Failure

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10

759
699
639
580
550
580
550
580
610
821

2,173,992
3,681,461
7,003,462
9,426,902
--9,074,564
--9,901,534
5,153,485
1,609,415

Y
Y
Y
Y
N
Y
N
Y
Y
Y

Table 9 - Results of the fatigue tests on the samples of Set #9
Specimen ID

Stress [MPa]

Life [N]

Failure

9.1
9.2
9.3
9.4
9.5
9.6
9.8
9.9
9,10

759
699
639
579
610
579
610
579
821

2,643,707
3,483,595
5,671,878
--5,586,420
--7,388,578
--1,171,227

Y
Y
Y
N
Y
N
Y
N
Y

Fig. 1 - S-N curves in the finite life domain for Sets #1 to #6
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Table 10 - Coefficients of the determined S-N curves, according to the linear model of (ISO, 2012), with
reference to Eq.s (1-2)
Set #

b0

b1

10-b0/b1

1/b1

4
5
6
7
8
9

29.87
30.17
27.46
18.97
20.93
21.66

-8.28
-8.33
-7.36
-4.42
-5.06
-5.32

4,038
4,172
5,383
19,417
13,806
11,735

-0.121
-0.120
-0.136
-0.226
-0.198
-0.188

Log ( N ) = b0 + b1 ⋅ Log (S )
S = 10

−

b0
b1

⋅N

(1)

1
b1

(2)

The fatigue curves for Sets #1 to 6, considering also the results in (Croccolo, 2016) are
depicted in Figure 1. The comparison of these curves makes it possible to account for the
potential joint effect of build orientation and of allowance. The fatigue curves for Sets #1, 6,
7, 8, 9 are conversely plotted in Figure 2. The analysis of this graph makes it possible to
compare the fatigue responses at different allowance levels.

Fig. 2 - S-N curves in the finite life domain for Sets #1, 6, 7, 8 and 9
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DISCUSSION
The results have been statistically processed, to assess if the differences among the curves
were significant with respect to the observed scattering affecting the experimental data. For
this purpose, the ANOVA-based methodology introduced and described in (Olmi, 2012;
Croccolo, 2018) was applied. The S-N curves related to the sets #1 to 6 were compared,
regarding the related plan as a two-factor design. Conversely, the fatigue curves with regard
to Sets #1, 6, 7, 8, 9 have been compared, considering a one-factor design, to evaluate the
impact of allowance for machining. The first analysis was conducted as in (Croccolo, 2018),
through the calculation of mean fatigue curves and of a grand mean fatigue curve. Then an
“SSBR” term, i.e. a “Sum of squares between rows” related to the differences among the
responses for different build orientation was computed. At the same way an “SSBC” term, i.e.
a “Sum of squares between Columns” related to the effect of allowance has then estimated, to
assess the difference between the fatigue responses for 0.5 and 3 mm allowance. Then, “SSI”
term, related to the interaction between the two factors was determined. All the values were
converted into scalars, by calculating their integral mean over the reference life span. The
error-related term was finally determined as the sum of the squares of the residuals between
the actual experimental data and the predicted ones based on the interpolating S-N curves. All
the determined yields were subsequently processed in a conventional two-factor ANOVA,
provided that the aforementioned squared terms were scaled and made comparable one
another by division by the related degrees of freedom. The analysis was conducted,
considering both an interval between 105 and 107 cycles and a more reduced span between 106
and 107. The results in both cases were that all the differences are negligible, meaning that the
two factors are not significant and that no interaction occurs. The ANOVA table regarding the
first one is reported in Table 11.
Table 11 - ANOVA Table for the two-factor design (lifespan between 105 and 107)

SSBR: Effect of the build
orientation
SSBC: Effect of the thickness of
allowance for machining
SSI: Interaction
SSE: Error

Sum of
squares

Degrees of freedom

Failure

Fisher’s
ratio

p-value

0.0005

2

0.0003

0.44

0.65

0.0028

1

0.0028

4.84

0.04

0.0016
0.0135

2
23

0.0008
0.0006

1.35

0.28

The one-factor ANOVA was developed as in (Olmi, 2012), however, considering that in this
reference the analysis had been applied to a Low Cycle Fatigue study, some details are
provided below for the sake of clarity. A grand mean curve S.. has initially been computed as
in Eq. (3), where S indicates the 10-base logarithm of the stress corresponding to a generic
fatigue life and the subscript refers to the Set number.
S .. =

S1 + S 6 + S 7 + S 8 + S 9
5

(3)

Then, an “SSBC” term, being related to the effect of allowance, has been determined as in Eq.
(4). This takes the differences among the fatigue curves for different allowance levels into
account.

[(

SSBC = S1 − S..

2

) + (S

6

− S ..

2

) + (S

7

− S ..

2

) + (S

8

− S..
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)]
2

(4)

Symp-05: Additive Manufacturing and Rapid Prototyping

As above, the error was estimated as the sum of the squares of the residuals between the
experimental yields and the predicted ones, according to the interpolating fatigue curves.
Scalar terms were the worked out by the integral means of the aforementioned terms. The
analysis proceeded as a conventional one-factor ANOVA, provided the scalar terms were
made comparable, rationalizing them by their degrees of freedom. The study was repeated for
the same intervals that have been mentioned above with regard to the analysis with two
factors. The outcome for the interval between 105 and 107 is provided in Table 12, in both
cases the statistical test proved that the allowance does not have any effect.
Table 12 - ANOVA Table for the one-factor design (lifespan between 105 and 107)

SSBC: Effect of the thickness of
allowance for machining
SSE: Error

Sum of
squares

Degrees of freedom

Failure

Fisher’s
ratio

p-value

0.0048

4

0.0012

1.66

0.19

0.0189

26

0.0007

This outcome is also confirmed by the computation of the fatigue limits for infinite life,
considering the aforementioned run-out of 107 cycles. The nominal values along with their
confidence intervals at the 95.5% confidence level are displayed in the bar graph in Figure 3.
They are all quite close, with overlapped bands, except for that for Set # 7 that is a bit lower.
The average value of the fatigue limit, involving the nine sets, is 581 MPa, corresponding to
38% the UTS of the studied material, following the aging treatment.

Fig. 3 - Fatigue limits for 10 million cycle run-out with regard to samples #4 to 9. The
results for Sets #1 to 3 (Croccolo, 2016) are also appended for comparison purposes.

This result indicates that Maraging Steel has an isotropic behaviour, moreover its response
does not exhibit variation for incremented allowance. In other words, this material has a
particularly robust response that yields all consistent results even in different production
conditions. This outcome also confirms the remarks in (Croccolo, 2018). The build process of
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a Maraging Steel is performed with a doubled layer thickness (40µm instead of 20µm) with
respect to the manufacturing of a Stainless steel. Moreover, it leads to a much more reduced
tensile residual stress field, due to the lower coefficient of thermal expansion (CTE). In
particular, the CTE of Maraging steel is approximately 10% lower than that for Stainless steel
and the lower CTE, the lower the induced residual stresses (Fergani, 2017; Croccolo, 2018).
The doubled value of layer thickness also affects the induced residual stress. In fact, with
approximately one-half stacked layers, the state of heating/cooling is made more uniform
along the part height, and the thermal gradient, as well as the residual stress state, are reduced.
Incremented allowance proved to have a beneficial effect for Stainless Steel, as machining
was able to remove the external surface layers, thus promoting a remarkable drop of the
detrimental residual stresses. For Maraging steels, residual stresses already keep a much more
reduced value; therefore this beneficial effect turns to be negligible.
Moreover, due to the higher number of layers, Stainless Steel proved to be sensitive to the
notch effect in case of missing scans and to the number of defects per layer due to the limited
perpendicularity between the laser path and the surface. Slanted orientation proved to be the
best for that material as a good compromise between a not high notch effect and a not too
extended build area, which made it possible to get a good perpendicularity with the laser path.
Maraging Steel, with one-half layers, is less sensitive to the described effects; therefore, the
build orientation is also completely ineffective. Moreover, like in (Croccolo, 2016), the
present results confirm that the post-manufacture heat treatment and machining are able
remove any possible cause of anisotropy.

Maximum bending stress [MPa]

1000

Exp. Data Set 9
Exp. Data Set 8
Exp. Data Set 7
Exp. Data Set 6
Exp. Data Set 5
Exp. Data Set 4
Exp. Data Set 3
Exp. Data Set 2

Plain material
Tests under rotating bending
R = -1
f = 60Hz

Exp. Data Set 1
Run outs
S-N curve
Lower limit
Upper limit

100
1.00E+05

1.00E+06

1.00E+07

Life cycles
Fig. 4 - Global S-N curve in the finite life domain accounting for all the 56 data

Considering the aforementioned outcomes and the statistical evidence of not significant
differences among the fatigue responses of the nine sets (also including those tested in
Croccolo, 2016)), a global fatigue curve was determined. This curve has been yielded by the
regression of all the data for all the studied sets and can be regarded as the most general and
reliable description of the response of the studied Maraging Steel in the current state of the
-981-

Symp-05: Additive Manufacturing and Rapid Prototyping

art. This model is likely to have many applications in the field of machine design, as it
simultaneously accounts for the issues of build orientation and machining and related
allowance. The fatigue curve was worked out, based on ISO 12107 (ISO, 2012), by the linear
model, like for all the sample sets. The confidence band at the 90% confidence level, with
lower and upper bounds respectively corresponding to 10% and 90% failure probabilities, has
been determined as well. The curve and the related band, along with dots corresponding the
56 experimental data that were involved in the interpolation, is plotted in Figure 4. The
analytical equations of the nominal curve at the 50% failure probability, to be used for life
prediction, are provided in Eq.s (5-6).

Log (N ) = 23.91 + 6.31⋅ Log (S )

(5)

S = 7940 ⋅ N −0.163

(6)

Fig. 5 - Fractographic analysis of the fracture surface of sample 8.4: detail at the right side
with crack initiation from a sub-surface porosity

Fig. 6 - Micrographies on samples of Set #4 (H,3): (a) stacked layers with highlighted build
direction: (b) laser scans with emphasized inclusions by red circles

The study was finally completed by fractography. Some fracture surfaces along with details of
the crack initiation points are shown in Figure 5. It can be remarked that almost the totality of
failures was triggered by sub-surface porosities or voids with average dimension (diameter)
and distance from the edge of respectively 50µm and 80µm. The area of initial propagation is
also clearly visible due to its bright aspect. The outcomes of the carried out micrographies are
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shown in the pictures in Figure 6 with reference to samples of Set #4 that were horizontally
stacked with a 3 mm allowance. The deposited layers are visible in Figure 6(a): this image
was recorded, considering a cut along the sample cross section. The laser scans along the
build plane are then visible in Figure 6(b): this picture was taken, following a cut along a
plane containing the sample longitudinal axis, i.e. along the deposition plane.
CONCLUSIONS
The motivations for this study arose from the lack of a sufficient amount of data regarding the
fatigue response of Maraging steel MS1 (also reported as 18% Ni Maraging 300 or AISI
18Ni300). Moreover, a further interest has been addressed to the possible effect of build
orientation (even in presence of post-manufacture heat treatment and machining) and of the
allowance for machining. Regarding this point, previous studies in the literature and by the
same research group had indicated the possibility of a size effect (for parts machined from
oversized blocks) in some conditions.
The aforementioned goals have been tackled experimentally, running fatigue tests under
rotating bending, involving aged Maraging steel MS1 (also reported as 18% Ni Maraging 300
or AISI 18Ni300). Six sample sets have been tested in the present campaign, thus
investigating the effects of build orientation and of allowance, according to an extensive
experimental plan. The results, statically processed, have indicated that the two mentioned
factors do not have any impact on the fatigue response, including both the behaviour in the
finite life domain and that for infinite life. In particular, the averaged fatigue limit, including
all the performed tests, is 581 MPa, corresponding to 38% of the Ultimate Tensile Strength.
This completely isotropic response is due to the beneficial effect of aging and machining, to
the higher layer thickness (with respect, for instance to Stainless Steels) and to material
properties, especially a not high coefficient of thermal expansion, which lead to a quite small
residual stress field arising from the stacking process.
The analysis has been completed by the determination of a global fatigue curve that can be
regarded as one of the most general and reliable models for fatigue life prediction being
currently available in the literature. The curve, along with its confidence band (for 10% and
90% failure provability, 90% confidence level) has been determined through the interpolation
of 56 experimental data, retrieved for different build orientations and different allowances, but
all well consistent one another.
Finally, fractographic analyses have been conducted and have indicated that cracks usually
start from sub-surface porosities having dimensions and distance from the edge of
respectively 50µm and 80µm. Some inclusions have also been highlighted by micrographies
conducted on the build plane and along the perpendicular build direction.
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ABSTRACT
The present study is focused on the fatigue strength of 15-5 PH Stainless Steel, built by Direct
Metal Laser Sintering. Six-specimen sets were manufactured, mechanically and thermally
treated and tested under rotating bending fatigue. The study investigates the effects of the
build orientation (parallel, perpendicular, or 45° inclined with respect to the vertical stacking
direction) and of allowance for machining (1mm or 3mm at gage). The results, processed by
an ANOVA methodology, indicate that allowance for machining has a beneficial effect on the
fatigue response. Removing the surface irregularities, averagely leads to a 19% enhancement
of the fatigue limit. The build orientation also becomes beneficial, when the slanted samples
are included in the experiment. In this case, a fatigue strength increase up to 20% can be
achieved. Further developments will include the investigation of the effects of heat and
surface treatments, involving also further materials in the study.
Keywords: rotational bending, fatigue strength, stainless steel, direct metal laser sintering,
build orientation, allowance for machining.
INTRODUCTION
Nowadays, there is an increasing interest towards Additive Manufacturing (AM) techniques,
as this technological process is potentially capable of producing even complexly shaped parts
in a relatively short time (Scott-Emuakpor, 2015; Abe, 2001). In addition, the parts can be
easily built, with a high level of flexibility, starting from a CAD model (Rafi, 2013; Santos,
2006; Herderick, 2011). AM offers further advantages arising from a faster time-to market, a
high efficiency in material utilization with a particularly reduced powder waste (Razavi, in
press). A possible drawback of AM techniques consists in the residual stresses that may be
generated during part building. Therefore, suitably shaped supports are usually applied to
safely attach the built part to a rigid base-plate, thus preventing its movements through the
powder bed or distortions induced by the residual stress field (Rafi, 2013). Moreover, AM
produced parts are likely to be affected by defects, being often due unmolten particles,
entrapped gas bubbles, or missing fusion (Razavi, In Press; Vilaro, 2011). Direct Metal Laser
Sintering (DMLS) by EOS and Selective Laser Melting (SLM) by MTT Technologies Group
can be mentioned among the most important AM processes for metals (Herderick, 2011).
Nowadays they can be regarded as basically the same technique, being grouped under the
powder bed fusion technologies. They both have wide applications to metals, as pointed out in
recent review studies (Herderick, 2011; Lewandowski, 2016).
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The aforementioned base-plate is usually placed on a horizontal plane, and the parts are
generated along a vertical stacking direction. A number of studies, involving different
materials and AM processes have been focused on the possible effect of the build direction on
the mechanical static and fatigue responses of the manufactured parts. Some researchers
investigated a possible influence of the angle between the main axis of inertia (namely, the
longitudinal axis of the specimen) and the stacking direction on the part strength (Edwards,
2014; Edwards, 2015). The possible effect of the build direction on the fatigue response,
considering both the fatigue limit and the fatigue strength in the finite life domain, was also
the topic of a previous study by the same authors. This research involved MS1 Maraging steel
parts, built, considering three different orientations, with post-manufacture mechanical and
heat treatments. An experimental campaign led to the result that the fatigue response is not
significantly affected by the build direction, since, for Maraging steels, post-manufacture
treatments have a great role at removing sources of anisotropy (Croccolo, 2016).
Further research in the literature was focused on the mechanical behaviour of 15-5 PH
stainless steel parts. This type of steel is commonly used in applications such as aircraft
components, or for parts under high pressure or working in harsh corrosive environments,
including valves, shafts, fasteners, fittings and gears (Rafi, 2013; Abdelshehid, 2007). A lack
of studies on the effect of the build direction on the fatigue properties of this steel can be
pointed out. In particular, the research (Rafi, 2013) was focused on the build orientation effect
on the static response only. Additional studies (Ozbaysal, 1994; Palanisamy, 2016; Wu, 2002)
deal with the static properties of 17-4 PH stainless steel, focusing on the effects of build
direction and microstructure, whereas very few deal with the fatigue response of this steel.
Moreover, just two build orientations are considered in the aforementioned studies, except for
one, mainly dealing with low cycle fatigue (Brandl, 2012).
The subject of this paper consists in an experimental study on the fatigue response of 15-5 PH
stainless steel parts fabricated by the DMLS process. Two factors were considered: the build
direction and the post-processing procedure. In particular, three different build orientations
were considered, with different inclinations of the main axis of inertia of the parts with
respect to the base plate. Regarding the post-processing procedure, the effect of allowance and
subsequent machining, with different thicknesses of material to be removed was studied. This
experimental plan derives its motivations from the previous study dealing with Maraging steel
(Croccolo, 2016), which was focused on the effect of the build orientation, and from some
recent studies, e.g. (Edwards, 2015; Zhang, 2017; Zhang, 2016; Van Hooreweder, 2012),
which are starting to investigate the effects of the amount of material to be removed after
sintering on mechanical properties. However, in these papers, the size effect of the block,
from which the part is machined, is studied from the point of view of fracture mechanics. In
particular the properties related to crack growth seem to be improved, when machining
components from oversized blocks. Similar investigations dealing with high cycle fatigue
properties are still missing. Issues of novelty also arise from considering three orientations
with respect to the vertical stacking direction: horizontal, vertical and slanted.
EXPERIMENTAL
The experimental campaign was performed under rotating bending, following the ISO 1143
(ISO 1143, 2010) Standard. Specimens were designed accordingly, with reference to the
cylindrical smooth geometry (with uniform cross section at gage). A drawing of the specimen
is shown in Figure 1, with indication of all its dimensions and tolerances. The chemical
composition of 15-5 PH stainless steel (PH1 stainless steel by EOSGmbH-Electro Optical
Systems, Krailling/Munich, Germany) is provided in Table 1 (http://www.eos.info/materialm).
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Fig. 1 - Technical drawing of the sample for fatigue tests under rotating bending (all dimensions in mm)
Table 1 - Chemical composition of 15-5 PH1 Stainless Steel by EOS
Cr [%]
14-15.5

Ni [%]

Cu [%]

Mn [%]

Si [%]

Mo [%]

Nb [%]

C [%]

Fe [%]

3.5-5.5

2.5-4.5

≤1

≤1

≤ 0.5

0.15-0.45

≤ 0.07

Balance

The specimens were manufactured by EOSINT M280 system (EOS GmbH - Electro Optical
Systems, Krailling/Munich, Germany), equipped with Ytterbium fibre laser with 200W power
and emitting 0.2032mm thickness and 1064nm wavelength infrared light beam. The process
takes place in an inert environment and the scanning speed may range up to 7000 mm/s. The
machine features a working space with 250 × 250 mm dimensions on the horizontal plane and
a maximum height of 325 mm. The applied process parameters were defined according to the
EOS Part Property Profile named “Surface”. In particular, the layer thickness was set to 20
µm and a parallel scan strategy with alternating scan direction was adopted. For the
subsequent layers the scanning direction was rotated by approximately 70°, in order to
prevent or reduce in-plane property variations.
All the specimens underwent surface cleaning by micro-shot-peening, in order to close the
pores that may be induced by laser sintering. Afterwards, the H900 heat treatment was
performed (Rafi, 2013; http://www.eos.info/material-m), thus following the recommendations
by EOS. For this purpose, the samples were kept at the temperature of 482°C for 2 hours after
a ramp increase (from the room temperature) in 1 hour time. Finally, the specimens
underwent machining and refining by grinding with the aim of accomplishing the roughness
and dimensional specifications and of improving the fatigue performance.
Six specimen sets were manufactured: those of types #1 and #4 were built while lying
horizontally on the base plate, therefore the angle between their longitudinal axis and the
vertical stacking direction was 90°. Whereas, those of types #2 and #5 were built while
standing vertically: in this case, the angle between their main axis of inertia and the stacking
direction was 0°. Finally, the samples of sets #3 and #6 were built along a 45° inclined
direction with respect to the base plate, so that the angle between their longitudinal axis and
the vertical stacking direction was 45°. The difference between the samples of sets #1 and #4
is that the first ones were produced with the same shape as shown in Figure 1, with a 1mm
uniform allowance both at the gage (diameter increased from 6 to 8 mm) and at the heads
(diameter increased from 10 to 12 mm). The samples were then machined to meet the drawing
specifications, regarding both dimensions and roughness. Conversely, the samples of set #4
were built with a cylindrical shape with 12 mm diameter over their entire length. It implies
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that the allowance was 1mm at the heads and 3mm at the specimen gage. These samples also
went through machining to meet the same specifications as in Figure 1: therefore, a higher
thickness of material was removed at the gage with respect to the samples of type #1. The
same difference applies also to sets #2-#3 (built with uniform allowance and reduced section
at gage) and #5-#6 (built with cylindrical layout).
The described experimental plan can be regarded as a 2-factor experiment: the first factor,
build orientation, was investigated over three levels (horizontal, vertical and slanted), whereas
the second one, allowance (material thickness to be removed by machining) was considered at
two levels (1 mm and 3mm at gage). This experimental plan is summarized in Table 2, with
indication of sample set numbers and of short names to be used in the following. Each set was
composed by 7 to 10 samples (the number of samples for each set is also reported in Table 2),
considering that some samples were unfortunately damaged during manufacturing.
Table 2 - Experimental plan involving 2 factors (at 3 and 2 levels) and 6 treatment combinations
Thickness of allowance for machining
1 mm
3 mm
Horizontal
Orientation of
the
longitudinal
axis of the
sample (during
the building
process)

Set #1 (H,1): 7 samples

Set #4 (H,3): 9 samples

Vertical

Set #2 (V,1): 10 samples

Set #5 (V,3): 10 samples

Slanted

Set #3 (S,1): 10 samples

Set #6 (S,3): 9 samples

The fatigue campaign made it possible to obtain the S-N curves and the fatigue limits (FLs).
A staircase method was applied to determine the FL: for this purpose, the series of failure and
not-failure events was processed by the Dixon method (Olmi, 2013; Dixon, 1983; Olmi, 2010;
Van Hooreweder, 2012). A life duration of 107 cycles was set as run-out, based on the few
available data on the fatigue response of sintered 15-5 PH stainless steel (Rafi, 2013). The
Dixon method is an abbreviated staircase method that makes it possible to estimate FL even
from a short series of nominal trials at staircase (four to six in this work). A confidence
analysis (90% confidence level) was also performed based on the standard deviation of FL
(scattering of the experimental results) and on the size of the sequence that led to its
computation. The data in the finite life domain were processed according to the Standard ISO
12107 (ISO 12107, 2012): the stress and life were linearly interpolated in logarithmic
coordinates. The lower and upper limits of the S-N curve have been determined, based on the
standard deviation of the logarithm of the fatigue life. Respective failure probabilities of 10%
and 90% were considered together with a 90% confidence level.
The specimens were tested under rotating bending fatigue by a rotary bending testing
machine, where the specimen is loaded in the four-point bending configuration, so that
bending moment Mb keeps constant over the entire sample length, and in particular at its gage
(Olmi, 2013). The sample was clamped at its ends by a pressure of approximately 70 MPa
(Croccolo, 2013; Croccolo, 2014). All the tests were conducted under fully reversed bending
load (stress ratio R =- 1) at the frequency f of 60 Hz.
Fractographic and micrographic analyses were then performed with the aim of investigating
the possible presence of porosities, inclusions, spots of oxides and micro-cracks. For this
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purpose, a Stemi 305 stereo-microscope (by ZEISS, Oberkochen, Gernany) has been utilized
for fractographies, whereas an Optiphot-100 optical microscope (by Nikon, Melville, NY,
United States) has been applied for both micrographic and (more zoomed) fractographic
analyses. In the case of micrographies, chemical etchings were performed by the following
solution for a duration of 30s after heating in oven up to 90°C. 20 ml of Glycerol (C3H8O3)
were mixed with 10 cc of Nitric Acid (HNO3), then 20 cc of Chloridric Acid (HCl) were
mixed with 10 cc of Hydrogen peroxide (H2O2).

Fig. 2 - S-N curves for sample Sets #1 (H,1), #2 (V,1) and #3 (S,1) (arrows indicate run-outs): effect of the build
orientation compared for reduced (1 mm) allowance for machining

RESUME OF THE RESULTS AND CONCLUSIONS
The following points are worth mentioning, concerning the performed experimentation and
the achieved results.
Six sample sets have been manufactured: horizontally, vertically and 45° inclined with respect
to the base plate, built with uniform 1mm allowance and with an incremented one, 3mm, at
specimen gage (manufactured as cylindrical parts). This experiment can therefore be regarded
as a 3-by-2 plan, involving two factors, build orientation and material thickness to be
removed, respectively with three and two levels. The fatigue tests led to the determination of
both the sloping parts of S-N curves and of the fatigue limits. The fatigue curves in the finite
life domain for the three sample sets with 1 mm allowance are shown in Figure 2, whereas the
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S-N curves for those with incremented thickness to be removed by machining are plotted in
Figure 3. The fatigue limits, considering the aforementioned run-out of 107 cycles, are finally
collected in the bar graph in Figure 4.

Fig. 3 - S-N curves for sample Sets #4 (H,3), #5 (V,3) and #6 (S,3) (arrows indicate run-outs): effect of the build
orientation compared for incremented (3 mm) allowance for machining

Fig. 4 - Fatigue limits for 107 cycles run-out plotted together with their confidence bands (95% confidence level)
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The results have been processed by statistical methods (Olmi, 2012): the outcomes of the
conducted analyses indicate that allowance has a significant effect at enhancing the fatigue
response. Conversely, the build orientation does not have an effect, when just horizontal and
vertical orientations are considered. However, this factor turns to be significant, as slanted
samples are included in the experiment: this orientation proved to be able to improve the
fatigue strength.
These results have been carefully discussed, to get a better awareness of the impact of the
studied factors and of the stacking process on the fatigue properties. The retrieved outcomes
indicate that machining makes it possible to remove the irregularities and residual stresses
induced by the additive process, which are mainly concentrated at the surface layers (between
the external contour lines and the inner solid portion). Moreover, the slanted orientation has
the effect of reducing the notch effect due to defects arising from unmelted spots, powder
residuals or scan errors due to lack of perpendicularity between the surface and the laser path.
The overall amount of defects per layer is reduced and the resistance against crack
propagation is also improved due to the layered structure. This issue has a noticeable impact
on the mechanical response, considering that, taking advantage of build orientation, or
removing the surface irregularities may lead to increments of the fatigue strength in the order
of 20%. Moreover, it is worth noticing that the optimization of these factors leads to a fatigue
performance that is well comparable to that of wrought material (ratio between the fatigue
limit and the ultimate tensile strength around 50%). This is a very important point, especially
with regard to the applications that combine the great advantages of additively produced parts
(in particular, the remarkable drop of the time to market) and the need for a satisfactory
structural strength.
Finally, fractography and micrography have shown that, despite heat treatments, the layered
structure induced by the process is still well visible, which can explain the observed moderate
effect of build orientation on fatigue. Micrographies depicting the microstructures on the
build plane and along the stacking direction are shown in Figure 5.

Fig. 5 - Micrographic analyses on horizontally built samples: (a) laser scans on the build plane (contiguous
planes are visible, relative angle highlighted), (b) layers along the stacking direction

Further developments will include the investigation of the effects of heat and surface
treatments, including also further materials in the study. Possible effects, in terms of the
generation of oxidation spots and of voids, arising from the actual position of the parts in the
build chamber will also be investigated.
Further details on the applied methodology, on the results and on the novel approach to data
analysis are available in (Croccolo, 2018).
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ABSTRACT
In this work we have compared several non-destructive testing (NDT) techniques to evaluate
the presence of defects in composite materials fabricated by additive manufacturing. These
composite materials had a polymeric matrix and were reinforced by long fibres of Ni-Ti,
carbon fibres and fibre glass. Four different NDT techniques were used: transient active
thermography, digital radiography, ultrasounds and customized eddy currents.
Keywords: additive manufacturing, non-destructive testing, composite materials.
INTRODUCTION
3D additive manufacturing (AM) is one of the most exciting manufacturing techniques
nowadays. One of the key issues in this field is the development of reliable non-destructive
testing (NDT) techniques to evaluate for the presence of manufacturing defects. Defects
occurring in AM parts have new morphologies and dimensions when compared to other
manufacturing techniques. Some of the typical defects in the production of polymers trough
AM are: delamination, lack of bonding between the matrix and reinforcement, porosity,
misalignment and excessive surface roughness. Detecting these defects with existing NDT
techniques is currently very limited, since conventional NDT procedures were developed for
different operation conditions.
To evaluate different NDT techniques in the detection of defects in composite polymers
reinforced with long fibres fabricated by AM, transient active thermography, digital
radiography, ultrasounds and customized eddy currents techniques were used. Each technique
has its own scope of application and limitation and should be used accordingly. However,
these NDT techniques can be used in a complementary way.
EXPERIMENTAL PROCEDURE
Polymeric composite materials reinforced by long fibres were produced by additive
manufacturing using a commercial desktop 3D printer.
For the active thermography a Fluke® Ti400 thermographic camera was used. This
equipment can measure temperatures between -20 and 1200 °C with ± 2 °C precision. A
customized heat system was used, which included a halogen lamp with 400 W. For digital
radiography an X-ray generator KODAK 2100 RX was used. The probed area is of
22 × 30 mm and the spatial resolution is of 18,5 µm. Ultrasound inspection was performed
using a Krautkramer USM 36. Petroleum jelly was used as coupling agent. This technique
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was used to evaluate the speed of sound in difference specimens. Eddy currents testing was
performed with customized probes and using a Nortec 500C from Olympus. The frequency
range varied between 50 Hz and 12 MHz.
RESULTS AND CONCLUSIONS
Active thermography was seen to be a good option to detect voids and carbon fibres, Figure
1(a). Similarly, with digital radiography it was also possible to detect the same features,
Figure 1(b).

a)

b)
Fig. 1 - Material inspection using: a) active thermography; b) digital radiography.

With eddy currents, it was possible to detect the Ni-Ti reinforcements up to 2 mm deep
(Figure 2). With ultrasound testing accurate measurements of the speed of sound in the
material and attenuation coefficients were determined. However, this technique is not feasible
to employ in polymeric materials due to the high acoustic attenuation of the polymers used.

Fig. 2 - Material inspection using Eddy currents inspection.
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ABSTRACT
This work presents a novel approach of modelling adhesive ageing in a finite element context.
Ageing phenomena affect the adhesive bulk material and adhesive-adherent interface
differently. Both zones of an adhesive joint are thus to be modelled adequately to capture
structural ageing effects. The adhesive bulk material is represented by a 3D mesh applying a
nonlinear material model which allows element rupture. This is based on unidirectional
tensile, compressive and shear curves. The adhesive-adherent interface is modelled by
cohesive zone elements and seeded with mode I & II interface fracture toughness data. This
approach allows for the simulation of cohesive, adhesive and mixed cohesive-adhesive failure
of the adhesive bond. Through-thickness effects (e.g. due to moisture diffusion into the
adhesive bulk material) are taken into account by dynamically updating the element material
properties corresponding to the applied ageing conditions and duration.
Keywords: structural degradation modelling, adhesive ageing, adhesion, structural adhesive.
INTRODUCTION
Ageing processes of adhesive joints are very complex. There are many environmental factors
which adversely affect the structural performance of adhesive bonds. For instance,
temperature has a profound effect on the mechanical properties of the adhesive bulk material,
changing the shape of the stress-strain curve (Fiedler et al., 2005); Moisture, in the form of
bonded hydrogen atoms, also influences the adhesive-adherent interface region, leading to an
irreversible reduction in adhesive strength and possibly adhesive failure (Sugiman et al.,
2013). Degradation behavior is further complicated by the interaction between different
environmental factors. Temperature not only influences the rate of moisture diffusion, it also
affects the diffusion law (Datla et al., 2011).
Finite element modelling is being applied for many years to analyze the mechanical behavior
of adhesive bonds. Recent research work concludes that adhesive bond, which are completely
modelled with cohesive zone elements, yield results that agree well with experimental data
(Banea et al., 2011). These cohesive zone elements express the failure behavior of the
adhesive by means of a traction-separation law, which is defined using fracture toughness
data obtained from physical testing. The cohesive zone approach has also been successfully
used to investigate adhesive degradation (Fernandes et al., 2017). Although good results are
obtained, the cohesive zone modelling approach lacks the ability to model both the mechanics
of adhesive bulk material and adhesive-adherent interface separately, making it inadequate as
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a generalized model for adhesive ageing. Several tests are available to validate adhesive joint
fracture models. They yield mode I, II & mixed-mode I-II fracture energy release rates and
the most well-known is the Double Cantilever Beam (DCB) and End-Notched Flexure (ENF)
test. An overview of the different methods is presented in (Chaves et al., 2014).
METHODOLOGY
In order to create a general and adequate adhesive joint ageing model which is applicable in a
(commercial) finite element simulation context, a model is proposed that represents both the
adhesive bulk material and the adhesive-adherent interface characteristics. The adhesive bulk
material is modelled by a 3D hex mesh, while the adhesive-adherent interface is modelled
using cohesive zone elements. Since the mechanical properties of adhesive material become
(highly) nonlinear at elevated temperatures, a nonlinear material model is chosen to describe
the stress-strain characteristics of the bulk material. This material model is based on
unidirectional tensile, compressive and shear curves from aged adhesive bulk samples.
Allowing the rupture of the 3D hex elements when reaching the end of the stress-strain curve
enables the modelling of cohesive failure. A bilinear traction-separation curve is used for the
cohesive zone elements (at the interface) based on mode I & II critical fracture energy release
rates obtained from aged coupon samples. This traction-separation curve allows the modelling
of adhesive-adherent interface damage, making it possible for the FE model to fail cohesively.
To feed the FEM simulation with data from aged material, an extensive testing program is set
up. The environmental influences considered in this work are the exposure to moisture and
elevated temperature. Since the adhesive joint most often can be designed in such a way that
the adhesive bulk material is shielded from UV, this ageing effect is not considered here.
Therefore, the testing program will focus mainly on the degradation effects from the
combination of moisture and temperature. Through-thickness effects (e.g. due to moisture
diffusion into the adhesive bulk material) are taken into account by dynamically updating the
element material properties in the solver input file based on ageing conditions and duration.
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ABSTRACT
This work aims at determining the influence of tribological and stiffness characteristics of a
bolted joint on the residual shank torque of the screw. Even if it is commonly accepted to
consider such a residual torque equal to half the torque at the thread, the literature lacks
experimental data about the topic. The residual shank torque combines with the axial preload
and the external loads to bring about the overall stress on the screw. Hence, the higher the
residual torque, the lower the admissible external load for given size and class of the screw.
From there stems the need for an analytical tool allowing the designer to calculate the residual
torque as a function of the key parameters of the joint.
Keywords: bolt, screw, shank torque, tribology.
INTRODUCTION
During tightening, the amount of torque given by the difference between the tightening
torque, which is directly applied by the torque wrench, and the underhead torque, flows
through the screw shank towards the threaded portion. This torque combines with the axial
preload to bring about the overall stress state of the screw at tightening. Upon release of the
torque wrench, a certain amount of the shank torque is released due to the elastic springback
of the screw-plates system. In the literature, this phenomenon is just briefly treated by a few
authors: they generally agree that approximately a half of the initial shank torque is released
just a few seconds after torque wrench removal [Bickford, 2008]. This indication is given
regardless of the frictional [Eccles, 2010] and stiffness [Alkatan, 2007] parameters, which
govern the joint. The present contribution aims at assessing if there is any effect of the
following parameters on the amount of shank torque being released after wrench removal: (i)
the ratio between the torsional stiffness of the screw and of the plates, (ii) the friction
coefficients in the underhead and in the thread. The experimentation has been run on a M20
8.8 class socket head screw, which has been instrumented by a double array of strain gauges,
to simultaneously measure both the axial preload and the torque acting on its shank. Two
different types of joined members have been examined: a cylindrical sleeve whose diameter is
twice the screw diameter (compliant joint) and a rectangular plate whose transverse
dimensions are more than ten times larger than the screw diameter (stiff joint). The underhead
and thread friction coefficients have been controlled by properly selecting the lubrication
conditions.
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MATERIALS AND METHODS
The experimentation has been carried out on 8.8 class M20 socket head, black oxidized
screws [EN ISO 4762: 2007], Figure 1. Each screw has been instrumented with three strain
gauges (Vishay J2A-06-S033K-350), one placed along the screw axis (axial preload) and two
angled by ±45° (shank torsion). The screws are coupled with M20 class 8, black oxidized,
high nuts [EN ISO 4033:2012]. The screw underhead can mate with a black oxidized plain
washer or directly with the aluminium plate or sleeve. In the case of slender joint, the screw is
tightened to an EN AW 7075 T6, sleeve, which is in turn instrumented with both axial
(Vishay J2A-06-S033K-350) and torsional (Vishay CEA-13-187UV-120) strain gauges. The
tightening torque T is applied by means of a digital torque wrench (Gedore Torcotronic 2, 10120Nm) fitted with a purposely designed torsiometer, which allows continuous sampling of
the tightening torque. This signal is sampled with the same time-base of other signals, such as
the axial preload and the screw shank torsion.

Fig. 1 - Cross section of the test apparatus

Three different lubrication conditions have been considered: (i) dry joint, treated by Loctite
7063 degreaser, (ii) Interflon Paste HT 1200, a multi-purpose ceramic paste, (iii) Polymer
400/00, a Lithium grease filled with PTFE particles. In the case of lubricated joint, three
different scenarios have been evaluated: (a) underhead lubrication, (b) thread lubrication, (c)
full lubrication (underhead and thread). Five consecutive retightenings have been performed
under each lubrication condition. A target tightening torque of T=100Nm has been used
throughout the experimentation. The following steps have been followed:
•

•
•

The screw is tightened at the target torque T, while these signals are sampled: (i)
tightening torque from torsiometer, (ii) thread torque (screw shank), (iii) screw axial
preload, (iv) underhead torque (sleeve);
The joint is allowed to rest for approximately [10-20] s;
The screw is untightened

Figure 2 reports a typical curve obtained by sampling the aforementioned signals.
This procedure allows to fully determine the frictional response of the joint, based on its
geometrical and elastic parameters [De Agostinis, 2016]: see Tab. 1 for the key parameters of
the joint represented in Figure 1.
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Fig. 2 - Tightening and untightening operations: axial preload, shank torque, underhead
torque

Table 1 - Geometrical and elastic parameters of the test specimen
Name

Value

Unit

Eb

210,000

MPa

νb

0.3

-

Gb

80,769

MPa

d

20

mm

p

2.5

mm

d2

18.38

mm

dt

17.65

mm

dk

30

mm

Lb

67

mm

dw

23

mm

Lt

32

mm

Dse

42

mm

Dsi

25

mm

Ls

79

mm

Gs

26,696

MPa

By looking at Figure 2, it can be seen how the tightening torque, the axial preload and the
shank torque increase until tightening completion. After that, the screw axial preload and the
thread torque undergo a decrease: the former by a very small amount while the latter by a
bigger amount. The thread torque loss is quite well in agreement to one-half the peak value at
tightening, as reported by the literature. At the same time, the sleeve torsion (underhead
torque) shows a sign inversion: this occurrence is due to the elastic rebound of the

-1005-

Symp-06: Fastening and Joining Technology

components, which takes place upon removal of the torque wrench. The small decrease in
terms of screw axial preload, which can be observed after tightening completion, is due to
material setting in the underhead surface. Then, no significant decrease in terms of axial
preload is noticed during the resting time: this time is too short for the materials to undergo
any relaxation phenomena [Friedrich, 2014]. Moreover, no external load is applied to the
joint, therefore self loosening is absent. When the release torque is applied, an inversion of the
torque on the screw shank is immediately recorded, whereas the axial preload remains
temporarily unaffected, until the “reversed” shank torque is high enough to unlock the
threads. At this stage, the axial preload of the screw suddenly drops down to zero. Based on
the observations described above, it is possible to set up an analytical model which allows
calculating the residual shank torque after tightening, whose input parameters are the
frictional and stiffness characteristics of the joint. Immediately after tightening completion,
the following steps can be highlighted in the plot of Figure 2 and similar. These are:
- ti: initial time, time at which the tightening operation ends, and the torsional relaxation
begins;
- t0: zero time, time at which the torque acting on the sleeve equals zero;
- t1: peak time, time at which a negative torque peak on the sleeve (underhead) is
achieved;
- tf: final time, time at which static equilibrium has been reached by the joint. The
modulus of the sleeve torque equals that of the shank torque.
At the initial time, both the screw shank and the sleeve are twisted clockwise due to
tightening, even if by different amounts. These amounts can easily be calculated based on the
torsional stiffnesses of the two parts, as exemplified by Eq. 1:

Kθ =

GJ p

(1)

L

where G is the shear modulus, Jp the polar moment of inertia and L the torsional free length of
the part. When the elastic rebound starts, the two parts start rotating counterclockwise, hence
loosing part of their torsional preload, until t0 when the sleeve torsional preload nullifies.
Since this time on, the screw shank which still retains a certain torsional preload, starts
dragging the sleeve towards negative torsion angles. Now, two cases shall be separated: (i) the
screw and the sleeve keep rotating together until the modulus of the torque of the sleeve
equals that of the screw shank (equilibrium condition), (ii) the screw and the sleeve rotate
together until the sleeve torque equals the maximum torque which is frictionally transmissible
via the underhead surface. When this limit is overcome, the screw starts sliding and the shank
torque keeps dropping until it equals the transmissible torque. Based on the frictional
parameters of the joint, the analytical model is able to establish which condition applies and to
calculate the residual shank torque (at equilibrium) accordingly.
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RESULTS AND CONCLUSIONS
Table 2 summarizes the outcome of the experimentation, along with a comparison between
the experimental results and the analytically calculated residual shank torque. Experimental
values of the residual shank torque lie between 41% and 58%, which is quite close to the rule
of thumb of 50% suggested by the literature, even if a noticeable scattering of the results is
observed.

Table 2 - Residual shank torque calculation under different tribological conditions
Lubrication

Res.
shank
torque

Friction coeff.

Underhead
Thread
Ceramic paste
Dry

µb=0,10

Underhead
Thread
Underhead
Thread Underhead Thread Underhead Thread
Underhead
Thread
Ceramic paste Ceramic paste PTFE grease PTFE grease
Dry
Dry
Dry
PTFE grease Sand blasted PTFE grease

µth=0,22

µb=0,09

µth=0,19

µb=0,10

µth=0,10

µb=0,13 µth=0,32 µb=0,11

µth=0,11

µb=0,31

µth=0,13

Experimental

41%

44%

57%

41%

58%

50%

Analytical

40%
YES
-1%

44%
YES
0%

79%
NO
22%

41%
YES
0%

76%
NO
18%

63%
NO
13%

Sliding
Error

The analytical model well predicts the residual shank torque in the case of underhead friction
coefficient lower than that at the thread (e=1%). Greater errors (e=22%) are found when the
friction coefficient at the underhead becomes comparatively higher. Future developments of
the present work will include the completion of the testing plan on a stiffer (plate-like) joint
geometry and the extension of the analytical model to this case. Moreover, in order to
investigate the less accurate response of the analytical model in the case of sticking, numerical
FE models have been prepared, in order to better understand the relative motion between head
and underhead surface, and between the threaded portion of the screw and of the nut.
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ABSTRACT
In order to improve the integration between composite materials and metallic materials in
structural applications, the adhesive-multi pin joint method was proposed. The mechanical
performance and fracture behaviour of the new joints were investigated through tensile tests.
Through the analysis to the test results, its load capacity, failure strain and failure modes are
all discussed in detail. It is found that, comparing to traditional adhesive joint, the new joint
has excellent mechanical performance and will change failure mode of the joint.
Keywords: composite and metal, adhesive-multi pin joint, failure mode, failure strain.
INTRODUCTION
The popularity of carbon ﬁber reinforced polymers (CFRP) in the aerospace industry has been
increasing thanks to their desirable mechanical and physical properties. They show high
resistance to corrosion and have low thermal expansion coefﬁcient. In addition, they are light
and durable, properties that allow manufacturers to produce lighter airplanes that consume
less fuel [Stelzer, 2015].
Traditionally, there are mainly three approaches to join the composite and metallic materials
together: mechanical fastening, adhesive bonding and a combination of both (Hybrid joint)
[Parkes, 2014]. However, each method has their own shortcomings due to their nature. To
overcome the shortcomings of the traditional joint approaches and reinforce the composite-tometal joint in through-the-thickness direction, a new joint named as adhesive-multi pin joint,
will develop and propose. A typical adhesive-multi pin joint with particular dimensions is
illustrated in Figure 1. Both the CFRP and aluminium plate are 2 mm in thickness, 100 mm in
length and 25 mm in width. The material of the pins is stainless steel and the diameter is 0.8
mm.

Fig. 1 - Geometry and dimensions of the single-lap joint (all dimensions in mm)
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The mechanical performance and fracture behavior of the joint will also be investigated by
both experimental methods.
RESULTS AND CONCLUSIONS
The load-displacement curve from the tensile tests is shown in Figure 2, from which it can be
seen that the pins’ incorporate increase the failure load of the adhesive joint by about 20%,
the broken strain by about 10 times.
The failure modes are shown in Figure 3, from which, it can be seen that the new method
apparently changed the failure mode.

Fig. 2 - Load-displacement curves between adhesive joint and adhesive-multi pin joint
Pin
broken

Pin
pull out

Fig. 3 - Failure modes of traditional adhesive joint and adhesive-multi pin joint

This study shows the advantages of the new joint method between composite and metallic
materials.
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ABSTRACT
Closed intramedullary nailing has become the “gold standard” in the treatment of displaced
fractures of the tibial shaft. The material of choice for the manufacturing of intramedullary
nails is Ti-alloy, while the structural performance requested to these components is steadily
growing. Validation procedures pertaining to these components comprehend both
compression and torsion tests. Finite element analysis could help shrinking down the time
required for new product development, as fewer full scale experimental tests would be needed
in the early design stages. In order for numerical models to be representative of the actual test,
a number of parameters has to be accurately chosen: particularly, contact modeling must be
fine-tuned based on experimental data. This contribution provides guidelines for the correct
contact settings to use, referring to the Ansys software.
Keywords: intramedullary nail, FEA, contact, joint.
INTRODUCTION
Closed intramedullary nailing has become increasingly popular in the treatment of displaced
fractures of the tibial shaft [Leung et al., 2006]. Due to their comparatively compact
dimensions, intramedullary nails require high performance materials in terms of mechanical
properties. Both titanium alloys and stainless steels have been used for the construction of
such devices, even if, there has recently been evidence of better performance of titanium alloy
nails, versus stainless-steel counterparts [Riemer et al., 1995]. In accordance with relevant
international standards, two tests are required for the validation of a new nail: a static fourpoint bending test and a torsional test. Moreover, manufacturers usually run internal
validation tests also for the loading case of axial compression. The development of an
accurate finite element analysis would allow performing a quick identification of the most
critical combination of nail size and testing conditions. This would in turn mean to shrink
down the development time needed for the release of new products. Besides adequate
modeling of the material response, a proper contact modeling strategy is critical in order for
the numerical model to accurately represent the experimental test. The present contribution
focuses on non-linear contacts and their formulation: although some authors provided
contributions describing finite element models of intramedullary nails [Simpson et al., 2008],
none focused on how to properly choose the contact settings between the nail and the fixtures.
This contribution aims at filling such a lack of information. Although the data provided in the
present contribution is referred to the Ansys software, it can easily be extended to other
commercial FEA softwares.
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MATERIALS AND METHODS
The intramedullary nail object of the present investigation is made of Ti6Al4V ELI [ASTM,
2013] according to the general dimensions reported in Figure 1. The test fixtures used in the
experimentation, are manufactured from AISI 304 [EN, 2014]. The mechanical properties of
the materials are reported in Table 1.

Fig. 1 - Geometry of the tibial intramedullary nail object of this study

Table 1 - Mechanical properties of the materials
Ti6Al4V ELI
Su [MPa]
860

Sy [MPa]
795

E [GPa]
114

ν
0.31

ρ [kg/m3]
4430

AISI 304
Su [MPa]
500

Sy [MPa]
190

E [GPa]
200

ν
0.29

ρ [kg/m3]
7900

Torsional tests have been performed on a “MTS 858 mini bionix II” axial and torsional
servohydraulic machine. Three repetitions for each of the following constraint configurations
were executed, using nominally identical specimens: (i) proximal pins and distal pins
(PP_DP), (ii) proximal pins and distal screws (PP_DS), (iii) proximal screws and distal pins
(PS_DP), (iv) proximal screws and distal screws (PS_DS). The rationale behind this different
configurations is that, during testing, the screws (which are actually used to secure the nail to
the bone) may be conveniently replaced by parallel pins. Then it is interesting to check
whether the simplifications adopted during testing entail significant differences in terms of
overall stiffness with respect to the actual application.

Fig. 2 - Fixtures configuration for the torsional test: a screw mounting is depicted here.
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Fig. 3 - Proximal constraints - Screws (left) and pins (right)

A screw mounting of the nail can be seen in Figure 2, whereas the difference between screw
and pin mounting at the distal end of the nail can be appreciated by looking at Figure 3.
In order to avoid a statically indeterminate system, the distal end has been connected to the
actuator by a double universal joint. The tests have been executed under displacement control,
by imposing a rotation equal to ϴ = 5 ° at a constant angular velocity of ω = 5 °/min. Results
in terms of torsional moment Mt at the fixed end have been measured.
Finite element analyses have been carried out by the ANSYS Workbench R17 software. The
results in terms of torsional reaction moment obtained by FEA have been compared with the
torsional moment experimental reading. This comparison guided the choice of the proper
contact parameters in the numerical model. Contacts between pins and fixtures have been set
as bonded, whereas contacts between pins and nail have been set as frictional. The “Adjust to
touch” option has been enabled and the friction coefficient has been set to 0.3 [Croccolo,
2017]. The distal fixture has been fixed at the bottom, whereas a rotation of ϴ = 5 ° has been
imposed to the upper face of the proximal fixture.

Fig. 4 - FEA model of the nail
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Frictional contacts have been detected on Gauss’ points. The mesh has a general element size
equal to 3 mm: a refinement in the contact regions has been applied, with an element size of 1
mm. The result is a total element count of 49,415 SOLID186 and SOLID187, for a total
number of nodes equal to 83,697: the meshed geometry is shown in Figure 4. By tuning the
normal stiffness factor of the frictional contacts, a comparison with the experimental results
has been carried out.
RESULTS AND CONCLUSIONS
Table 2 reports the experimental results in terms of torque reaction for the different constraint
options. An analysis of variance applied to the experimental data, allows to state that the
constraint methodology does affect the torsional stiffness: in fact, with a Fcalc=5.73, and a
significance level of 5%, a p-value=2.2% can be calculated. Particularly, it can be noticed that
combination between proximal pins and distal pins (PP_DP) is the stiffest assembly
condition.
Table 2 - Experimental moment reaction as a function of the constraint type
Proximal pins and distal pins

Test N.
1
8
9
Mean
St. Dev.

ϴ [º]
5
5
5
5
-

Mt [Nmm]
4301
4341
4345
4329
24

Proximal pins and distal screws

Test N.
2
7
10
Mean
St. Dev.

ϴ [º]
5
5
5
5
-

Mt [Nmm]
4213
4203
4233
4216
15

Proximal screws and distal pins

Test N.
3
6
11
Mean
St. Dev.

ϴ [º]
5
5
5
5
-

Mt [Nmm]
4237
4295
4341
4291
52

Proximal screws and distal screws

Test N.
4
5
12
Mean
St. Dev.

ϴ [º]
5
5
5
5
-

Mt [Nmm]
4299
4232
4269
4267
34

As for the fine tuning of the FEA model, Pure Penalty and Augmented Lagrange formulations
have been analyzed for the contact areas, showing that there is no significant difference
between these two approaches in terms of stresses on the nail. Nonetheless, the Augmented
Lagrange formulation was preferred, because it favors convergence. The normal stiffness
factor FKN resulted to be the most important contact parameter that governs the contact
response. In particular, a normal stiffness factor equal to FKN = 0.04 shall be adopted, in
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order to accurately represent the global torsional stiffness response of the nail, as shown in
Figure 5.

Fig. 5 - FEM torque to experimental torque ratio versus normal stiffness factor FKN

As a double check, under the same contact settings, an axial compression test has been run. A
comparison between the experimental and numerical results for this load scheme is reported
in Table 3: the same contact settings provide a good agreement between FE and experimental
results, in this loading scenario as well.
Table 3 - Axial compression test: FEM displacement versus experimental displacement (FKN=0.04)
Experimental results mean
Finite element analysis

FZ [N]
500
500

∆z [mm]
1.143
1.042

Error
-8.8%

The FEA model defined according to the aforementioned specifications would allow
performing a quick identification of the most critical test condition and/or combination
between testing condition and nail size. Such a model will help shrinking down the
development time of new products.
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ABSTRACT
This work shows the preload relaxation behaviour of a bolted joint between a steel screw and
an aluminium clamped part and nut thread part. First, the paper shows limits for the bolted
joint by varying the preload force and temperature for a fixed geometry. As expected, an
increasing loss of preload can be seen at elevated temperatures.
The second step shows the influences of changing geometry details like clamping length and
length of thread engagement for selected combinations of preload and temperature to
demonstrate the impact of lightweight design. The gathered information is used to determine
the remaining preload after 1000 hours of temperature load and estimate the process of
preload relaxation to prevent a failure of the connection.
Keywords: preload relaxation, bolted joints, aluminium, lightweight design.
INTRODUCTION
Bolted joints are used in all industry sectors. The functionality of a bolted joint primary
depends on the preload force. Preload relaxation is a most likely reason for failure of bolted
joints, especially for components with lightweight materials and temperature loading, which
are in focus in this paper. More detailed, a loss in preload can cause a joint opening (e.g.
leakage of flange connections), self-loosening of the screw (micro-slipping in contacts) or
even lead to breaking in fatigue. Preload relaxation depends on superposed damage
mechanisms such as seating (roughness embedment during and within first hours of
tightening), load plastification (in this case caused by thermal loading) and creeping (longtime permanent deformation caused by mechanical stress) as shown in Figure 1 (Friedrich,
2013)
When a bolted joint is tightened, surfaces with different roughness get into contact. Due to the
axial preload from tightening, an embedment takes place, which leads to a loss of preload as a
result of embedding during operation  . This behaviour is well known and usually takes
place in the first hours of tightening. Guidelines like the VDI 2230 (VDI 2230, 2015) have
rough estimations for this value, which are gathered from experiments with steel. It remains
open in the reference, if these experiment-based values from steel can be used for other
materials such as aluminium.
The load plastification takes into account that the connection will undergo additional loads in
its lifespan. This mechanical or thermal loads cause plastic deformations in the contact areas,
where high stresses occur. The highest stresses can be found in the contact of the screw head
and clamped part, the clamped part and nut (if a through-bolt joint is used), in the free loaded
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thread or shank of the screw and in the nut thread. Thermal loads have a huge influence on the
preload relaxation as the material properties such as material strength might change. Besides
that, different expansion coefficients and thermal conductivity might lead to higher preloads.
In this paper a bolted joint with steel screw (  11,8 ⋅ 10   ) and clamped part made
of aluminium (  23,1 ⋅ 10   ) is used. When exposed to temperature, the aluminium
part will expand about twice as much as the steel screw and therefore generate an additional
preload in the connection. With the changing material properties due to temperature exposure
(mostly of the aluminium part in this example) and the additional mechanical load, the risk of
plastic deformation is increased.
Creeping describes the tendency of a solid material to deform permanently under a specific
mechanical stress and temperature. This plastic deformation of course also leads to a loss of
preload Δ . Usually the critical temperature for beginning creep effects for metals is
around 40 % of its melting point (measured in Kelvin). The melting point of aluminium is
933 K and therefore the creep relevant temperature starts at 373 K or 100 °C.

Fig. 1 - Preload Relaxation behavior (Friedrich, 2013)

DESIGN OF EXPERIMENTS
For the experiments a steel screw DIN 6921 M10x100 - 10.9 (material: 23MnB3) is used. It is
full threaded, which means that there is no shank as also seen in Figure 2. For a better stress
distribution, the screw has a flanged head. The clamped part is made of EN AW 6082 (T6)
with an outer diameter of 22.5 mm. The clamping length  will be varied and is 50 mm by
default and 20 mm to investigate the influence. The nut thread component has the same outer
diameter as the clamped part. The length of thread engagement  is 30 mm, 20 mm or 15
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mm, if the nut is made from aluminium (6082 T6), or 15 mm if the nut is made from steel
(42CrMoS4), respectively. The preload relaxation behaviour, as described before, strongly
depends on stress and temperature. Therefore the preload and loading temperature will be
varied as well.

Fig. 2 - Overview of used specimen

Because a full factorial experiment plan will have an enormous number of specimen, the
following experiment plan is used for this investigation.
First of all, the temperature influence is tested. Therefore, a standard connection of a steel
screw and an aluminium clamped part (clamping length   50 ) and aluminium nut
thread component (thread engagement   30 ) is tightened elastic. The temperature will
be varied from T = 80 °C, 100 °C, 120 °C and 150 °C.
For temperatures below the critical point of 40 % of the melting point temperature of
aluminium  (80 °C and 100 °C) the tightening force will be varied with the same geometric
parameters as before. The aim is to tighten elastic (around !  30 "#), at 90 % of yield
point (around !  40 "# for this connection), directly at the yield point (around ! 
45 "#) and beyond-yield (ca. !  47 "#). The calibration for this is shown in the next
chapter.
Also, for the temperatures 80 °C and 100 °C, the clamping length will be reduced from 50
mm to 20 mm at elastic tightening to see the impact.
The last variation parameter is the influence of the thread engagement  . Because of the
changing material parameters, a critical point where the connection loses almost all its preload
might be reached. With an aluminium nut the thread engagement  will be varied at 15 mm,
20 mm and 30 mm. Besides that, a steel nut (  15 ) will be used to show the difference
of the material parameters regarding their preload relaxation behaviour.
Preload Relaxation Measurement in bolted joints
Measurement techniques to determine the current preload in a bolted joint are shown in
(Hubbertz, 2014), (Jenne, 2016) and (Jenne, 2015). They can be divided into two groups. The
first group has an influence on the stiffness of the bolted joint as either a force sensor is
placed in the flow of force, which changes the stiffness of the clamped parts or a strain gauge
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(German: DMS) is applied at the screw. Depending on the placement (bolt shank, inner hole,
head of the screw) and the screw dimensions, the axial load deformation behaviour of the
screw is influenced. The second group has no influence on the stiffness of the bolted joint and
can be done by different length measurement methods such as ultra-sonic, the use of capacity
sensors, a micrometer screw gauge or inductive displacement measurement sensors. Figure 3
shows the test setup with an inductive displacement sensor (HBM type K-WA-T-010W) used
in this publication. As the expected length changes are just a few microns, coupling points
with compressed grounds in the screw head and bottom are used to ensure that the length
change measurement is done at the exact same spots of the screw. As seen in the figure, the
sensor is held and can be moved up and down by an adjustment screw. In this way the sensor
gets slowly into contact with the coupling point at the screw head, which ensures that only a
very small force (circa 10 N) is applied and a deformation of the coupling point is avoided.

Fig. 3 - Length change measurement of bolted joints with inductive displacement sensors

All measurement techniques to determine the current preload in a bolted joint have in
common, that they use the correlation of applied force and resulting length change (Duchardt,
2013).
For an elastic material behaviour Hooke’s law can be used to calculate the resilience of a
screw & as seen in Eq. 1.
' 

 ⋅ 
'

'
⟷ &  
⟷
( ⋅ )
 ( ⋅ )
&

Eq. 1

As seen in the equation, the resilience of a screw depends on the cross-sectional area and is
therefore divided into parts with the same cross-sectional areas. Because screws can be
handled as a series of springs, the total resilience of the screw & is calculated as the sum of
every single resilience (VDI 2230, 2015) as showed in Eq. 2.
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Eq. 5

With the given parameters of Table 1 the elastic resilience of the screw δS can be calculated in
dependency of the nut material and used clamp length (Table 2).
Table 1 - Parameters of the specimen
Symbol

Designation

d

Bolt diameter (is outside diameter of thread (nominal diameter))

d3

Value

Minor diameter of the bolt thread

lGew

Length of the free loaded thread

ES

Young’s modulus of the bolt material (23MnB3, 1.5507)

EM

Young’s modulus of the nut
• AlSi1MgMn (EN AW 6082 T6, 3.2315)
• 42CrMoS4 (1.7227)

Unit

9.8277 1)

[mm]

8.0007

1)

[mm]

20 or 50

2)

[mm]

205 000

[N/mm²]

72 000
206 000

[N/mm²]
[N/mm²]

Additional Parameters (not needed for resilience calculation)
D
lc
te
1)
2)

Outer Diameter of clamped part and nut
Clamping Length (according to lGew)
Thread engagement

22.5

[mm]

20, 50

2)

[mm]

15, 20, 30

2)

[mm]

Average of 10 measurements with contour measurement station MarSurf XCR 20
Variation parameter for this study

Table 2 - Resilience of screw
Material of Nut
Length of clamped part

AlSi1MgMn (3.2315)

42CrMoS4 (1.7227)

lGew = lc = 20 mm

δS = 3,32715E-06 [mm/N]

δS = 2,94089 E-06 [mm/N]

lGew = lc = 50 mm

δS = 6,23801E-06 [mm/N]

δS =5,85175 E-06 [mm/N]

To estimate the force-displacement behaviour of the screw, the screw is tightened with a force
sensor (type Haehne RKS01) which has the same clamp length lc as the specimen used in this
publication and a nut thread component made of aluminium (3.2315, EN AW 6082) or steel
(1.7227, 42CrMoS4). The screw is tightened with a torque wrench and at specific preloads
(every 5 kN starting from 10 kN) the elongation of the screw is measured. Figure 4 shows the
experimental results and corresponding calculation of VDI 2330 (VDI 2230, 2015). The
gradient of the curves represents the resilience of the screw δS. Depending on the material of
the nut and thread engagement, plastic behaviour can be seen at 40 kN for an aluminium nut
with 15 mm thread engagement and around 45 kN for bigger thread engagements or when
using a steel nut (gradient of steel nut is changing at 45 kN, but increase dramatically at
around 50 kN). Based on that data, preload levels will be defined at 30 kN, 40 kN and 47 kN
to represent different tightening methods like elastic tightening, yield-point tightening and
beyond-yield tightening.
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Force-displacement behaviour

Length change of screw ∆ lS [mm]

0,500

Aluminium nut (3.2315) with thread engagement of 30 mm
Aluminium nut (3.2315) with thread engagement of 20 mm
Aluminium nut (3.2315) with thread engagement of 15 mm
Steel nut (1.7227) with thread engagement of 15mm
VDI 2230 - Aluminium nut (3.2315)
VDI 2230 - Nut: Steel nut (1.7227)

0,450
0,400
0,350

Force Sensor Haehne
RKS01 and nut part

0,300
0,250
0,200
0,150
0,100

Δ
& 
Δ

0,050

Plastic deformation of
screw (beginning of
plastic deformation
depends on nut thread)

0,000
0

5

10

15

20

25
30
35
Preload F [kN]

40

45

50

55

Fig. 4 - Measurement result of force-displacement behaviour

As seen in Figure 1 the preload relaxation of a bolted joint can be divided into three parts.
Usually the biggest preload loss occurs in the first hours, primary during the part of seating
and load plastification. Therefore, the procedure of testing the preload relaxation behaviour of
a bolted joint is as follows:
1. Measure the initial length of the screw ∆lS,0 at room temperature
2. Tighten the specimen (screw, clamped part and nut part) with a torque wrench until
the designated elongation for tightening of the screw has been reached ∆lS,M
3. Wait for 48 hours to ensure seating is completed and measure the elongation ∆lS,Seat at
room temperature
4. Apply thermal load (oven at target temperature T) for, e.g. 1 hour, cool down the
specimen at 20 °C for 12 hours and measure the elongation after ttemp = 1 hour (∆lS,1).
Repeat for total load times of ttemp = 24, 48, 130, 500 and 1000 hours (∆lS,2, …,1000).
5. Loosen the connection to measure the elongation of the screw ∆lS,untied when no force
is applied anymore to see, if the screw shows some plastifications ∆lS,plast
The temperature load history for every specimen can be seen in Figure 5.
Experimental Results and Discussion
Temperature influence
If a joint with an outer diameter of 22.5 mm, a clamping length of 50 mm and a nut thread
component of 30 mm (both parts made of aluminium) is exposed to different temperatures
and the length change of the screw Δ is measured at discrete times, as described before, a
time dependent process of length change can be determined as shown in Figure 6.
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Fig. 5 - Temperature load characteristics and measurement points for experiments

Fig. 6 - Length change of screw at different temperatures over time

All measuring points are based on the initial length change because of tightening Δ,! . After
disassembling the connection, a plastic deformation of the screw Δ, can be measured. With
higher temperatures (T > 100 °C) the additional thermal load causes a plastic elongation of
the screw. Considering elastic tightening for this connection (see Figure 4, load-deformation
behaviour), this plastification causes a noticeable drop of the elastic elongation of the screw
Δ, , which generates the preload in the connection. As the information of the plastic
deformation can be only accessed when untightening the connection, it is not known if it
evolves during time or occurs directly after the first temperature load. Either way it is
noticeable that in the first hours of temperature load a drop of length takes place. This process
is of course positively correlated with the height of temperature load T. Temperatures of 80
°C and 100 °C seem to be very stable after the first 24 hours, while specimen at 120 °C and
especially at 150 °C will continue decreasing.
Assuming, that the load-deformation characteristics of the screw do not change after a plastic
deformation of the screw, the remaining preload after ttemp = 1000 hours of temperature load
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can be calculated with the remaining elastic elongation of the screw divided by the screw
resilience & (Eq. 8).
8 

Δ,
&

Eq. 8

Figure 7 shows the remaining normalized preload (based on tightening preload FM) after ttemp
= 1000 hours of temperature load T. As already seen in the previous Figure 6, the biggest
drops in preload can be seen with higher temperatures starting at 120 °C. It can be assumed
that an increase of temperature load time ttemp will have a small effect on the specimen with T
= 80 °C and 100 °C, but will result in even more preload loss for specimen exposed to T =
120 °C or 150 °C.

Fig. 7 - Normalized preload after ttemp = 1000 h at different temperatures T

The main reason of the preload loss is based on plastification of the screw, clamped part and
nut thread part. While the plastic deformation of the screw Δ, presumably is caused by the
additional generated preload due to thermal load, the plastic deformation of the aluminium
clamped part and nut can be seen as load plastification (see Figure 1) which is followed by
creep mechanisms. The plastic compression of the clamped part Δl:;,<= is measured by a
microscope (to find a fixpoint in a countersunk hole at the top and bottom of the clamped
part) and a measuring table. Figure 8 shows that the plastic compression of the clamped part
is increasing with higher temperatures.

Fig. 8 - Plastification of screw and clamped part after ttemp = 1000 h at different temperatures T
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Normalized length change ∆lS (t)/∆
∆ lM [%]

Normalized length change ∆lS (t)/∆
∆ lM [%]

100%
90%
80%
70%

Tightening preload ≙ 100 %
Temperature T = 80 °C

60%
50%
40%

6082 - 22,5 / 50 / 30 - 30 kN - 80 °C
6082 - 22,5 / 50 / 30 - 40 kN - 80 °C
6082 - 22,5 / 50 / 30 - 45 kN - 80 °C
6082 - 22,5 / 50 / 30 - 47 kN - 80 °C

30%
20%
10%
0%
1

10

ttemp [h]

Parameters:

100

1000

100%
90%
80%
70%

Tightening preload ≙ 100 %
Temperature T = 100 °C

60%
50%
40%

6082 - 22,5 / 50 / 30 - 30 kN - 100 °C
6082 - 22,5 / 50 / 30 - 40 kN - 100 °C
6082 - 22,5 / 50 / 30 - 45 kN - 100 °C
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Fig. 9 - Length change of screw for different tightening preloads at T = 80 °C and 100 °C over time
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Fig. 10 - Normalized preload after ttemp = 1000 h at different tightening preloads FM

Initial preload influence
As seen before at temperatures of T = 80 °C and 100 °C there’s only neglectable plastic
deformation of the screw visible, when tightened at FM = 30 kN initial preload. With higher
tightening preload FM the screw gets also a plastic deformation, which directly leads to a loss
in preload (Figures 9 and 10). Similar results with steel screws and parts at temperatures of
160 °C can be seen in (Granacher, 1995).
This compression is a main reason for preload loss in the connection. Test measurements
were also performed in the same way on the nut thread component, but did not show any
noticeable deformations. The reason might be that most deformation and stress is located
directly at the thread. Further investigations are planned to identify the contribution of the nut
thread deformation to the preload relaxation behaviour. As already discussed, the figure also
shows the plastification of the screw Δ, at higher temperatures.
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Influence of clamping length
As seen in table 2, the resilience & is strongly influenced by the length of the free loaded
thread /0 , which is also the clamping length  in this example. Changing the clamping
length from  = 50 mm to 20 mm results in a decrease of the resilience of the screw & of
around 50 %. Therefore, small length changes of the screw Δ will lead to higher preload
losses. At moderate temperatures of T = 80 °C and 100 °C the specimen have quite the same
level of remaining preload left (Figure 11).
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88%

70%
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30 mm thread engagement
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0%

Δ

Fig. 11 - Normalized preload after ttemp = 1000 h with variation of clamping length at T = 80 °C and 100 °C

Further researches should also look at higher temperatures and tightening forces as smaller
clamping lengths might cause less additional forces for the screw and therefore an
plastification of the screw might be prevented.
Influence of the nut thread component
The requirement to minimize the thread engagement is one main target when it comes to cost
and weight optimization of a bolted joint. If a steel nut is used, the tightening preload lead to
high stresses in the first thread turns of a bolt. Using an aluminium nut generates a more
homogeneous stress distribution, mainly because of the lower elastic modulus of aluminium
(Hörnig, 2016). Therefore, with every thread engagement reduction, the stress of each thread
will increase. If the connection is exposed to temperature, as discussed before, the additional
caused preload and reduction of the elastic modulus lead to plastifications in the nut thread
part. For temperatures of T = 80 °C and T = 100 °C, Figures 12 and 13 show the impact of a
thread engagement  reduction from 30 mm to 20 mm and 15 mm when using am aluminium
nut. To show the impact of the nut thread material, a steel nut (  15 mm) was used as well.
As expected, the preload relaxation is minimal when using a steel nut (3% at 80 °C and 7 % at
100 °C). It is also noticeable that the difference between a thread engagement  of 30 mm
and 20 mm is only around 2% for temperatures of 80 °C and 100 °C. If the thread engagement
is reduced to 15 mm with an aluminium nut, the connection have a high preload relaxation
rate after 130 hours of temperature with T = 80 °C and already after 48 hours when exposed
to T = 100 °C. These connections already lose 22 % (T = 80 °C) and 36 % (T = 100 °C) of
preload after 1000 hours of temperature exposure. From the preload relaxation curve seen in
Figure 12 it can be assumed, that the preload relaxation loss will continue beyond 1000 hours.
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Using higher tightening preloads and temperatures will lead to even higher preload losses,
which will be the topic of further researches.
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Fig. 12 - Length change of screw with variation of thread engagement te = 15, 20, 30 mm of aluminium part and
te = 15 of steel part at T = 80 °C and 100 °C over time
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Fig. 13 - Normalized preload after ttemp = 1000 h with variation of thread engagement te = 15, 20, 30 mm of
aluminium part and te = 15 of steel part at T = 80 °C and 100 °C

CONCLUSIONS AND FURTHER WORK
The experiments show that the temperature influence on bolted joints with a steel screw and
an aluminium part can be seen in all temperature ranges from 80 °C to 150 °C. Specimen,
which were tightened at 30 kN and exposed to temperatures of 80 °C or 100 °C showed a
preload drop of around 10 %. It can be assumed that most of the preload loss is due to load
plastifications of the aluminium part in the first hours of heating. When reaching higher
temperatures not only the aluminium part but also the screw plastificates (higher thermal
conductivity and expansion coefficient of aluminium lead to higher stresses in the steel
screw). Therefore, the preload loss is over 20 % for T = 120 °C. Figure 6 shows that the creep
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process in the aluminium part will result in even higher preload losses over time (ttemp > 1000
hours). The same tendency can be seen for specimen that were exposed to 150 °C thermal
load. They lose around 50 % of their preload and the creep process will lead to more preload
relaxation after 1000 hours.
Over-elastic tightening (yield or beyond-yield) is widely used in mechanical engineering but
might be critical when using materials with differing thermal characteristics (expansion
coefficient, thermal conductivity), because it might cause additional loads to the screw which
lead to further plastification and at the end to a significant preload loss. A change of the
clamping length has no significant impact on the preload loss for the selected variation
parameters (T = 80 °C, 100 °C and elastic tightening). This behaviour might change for
higher temperatures or loads, as very small length changes will lead to higher preload loss due
to smaller resilience of the screw & . When a critical thread engagement of the aluminium nut
is reached (in this research   15 mm), the stresses in the threads lead to significant preload
relaxation losses, even at elevated temperatures of T = 80 °C and 100 °C. With thread
engagements starting at   20 mm the main loss is caused by the first plastifications after
the very first hours of temperature exposure and is quite stable afterwards. Using steel nuts
minimize the preload loss as expected.
Overall, the investigation showed that the preload loss can be influenced strongly by the
design of the bolted joint; very critical is high operating temperature and low length of thread
engagement. Future work focuses on design rules for such connections to avoid very high
preload loss as a main reason for failures.
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ABSTRACT
This work aims to perform a quantitative and qualitative analysis of the reliability of the
subsea multiplex control system applied in oil and gas production. In the development of the
research, a functional analysis of the control system was made to define the function to be
analysed through the fault tree, and failure rate data was obtained from OREDA. The failure
probabilities when the system achieves 7,400h and 26,500h are, respectively, 17.35% and
67.52%. In other words, the reliability at the observed points is 82.65% and 32.48%.
Keywords: control system, reliability analysis, subsea equipment, fault tree.
INTRODUCTION
The oil industry plays an extremely important role in the Brazilian economy. In 2014, for
example, the oil and gas sector accounted for 10.9% of Brazil's industrial GDP. Most of this
oil has been and will be supplied from offshore reservoirs (Petrobras, 2016). To produce and
transport oil from offshore reservoirs in deep and ultra-deep waters require underwater
production systems. The technology developed for subsea equipment used in oil and gas
production is a highly specialized field of application that demands specifics solutions for
engineering.
The subsea production system has some unique aspects related to human access for
installation and maintenance, what demands complex and unusual resources. Subsea
equipment requires high availability, that means they must be reliable enough to operate in
safe condition to environment and people, beyond that avoid, as much as possible, subsea
intervention or maintenance (Dash, 2012).
Reliability is the ability of an item to perform the required function under specified
conditions, over a given time interval (Kiran, 2017). The purpose of reliability analysis is to
define the main points and failure modes associated to the system components and the
statistical behaviour of these failures over time.
A reliability analysis aims to identify and maintain within acceptable limits the uncertainties
regarding the costs involved in the exploration of the oil fields. This will result in information
that will help planning, operation, and maintenance areas define properly necessary resources
to keep production and system availability in high levels, increasing business profitability.
This paper presents a quantitative and qualitative study on the reliability of automatic control
systems for subsea equipment applied to offshore oil and gas production and identifies the
critical components and most likely failures modes in operational life cycle.
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METHODOLOGY
A fault tree analysis was made following the flowchart (Lin, Yuan, and Zhang, 2014).
Calculation and fault tree representation runner using R software. The top event considered
was the Loss Well Control. The quantitative analysis calculated numerically for the
approximately three years period of operation, from failure rate data that were considered
constant, as well as in RBD analysis.
The qualitative analysis of the failure tree sought to identify the basic events that, when they
occur, lead to the top event. The sum of the products of these identified basic events integrates
the minimal set of cut or minimal cut sets (Čepin, 2011). A cut set can be formed by one or
more elements, and the larger the number of basic events present in the set, the lower the
probability of failure.
The graphical representation and calculations of the reliability model through the fault tree
were made using the software R version 3.4.1 for Windows. R is a free software, built based
on a language developed for analysis and statistical and graphical computing, maintained by
the nonprofit R Foundation (R Core Team, 2017). This software, as well as its manual, can be
obtained at https://www.r-project.org.
For fault tree analysis it was necessary to obtain an additional package for the R, called
FaultTree in version 0.2.8 revision 71, which was developed by (Silkworth, 2017). In this
tool, a fault tree is constructed from a script such that each node of the tree is described by
command-line input. The visualization of the tree can be made continuously during the
development of the tree by a defined command, different from the tools that have graphical
interface.
The main information for the study is the failure rate of the components, which was obtained
from OREDA. In OREDA, data collection is done during the life or actual use in the
equipment field, so the failure rate tends to approach a constant value. This is because at this
point the quality of the component has reached maturity and the failures that occur come to be
originated from intrinsic random causes (Torell and Avelar, 2004).
In addition, submarine equipment can be considered subjected to rigid performance and
quality control requirements during the component qualification, fabrication and integration
testing phases, so it is acceptable to consider that failures in the initial life stage are greatly
reduced. This feature reinforces the premise of constant failure rate adopted.
DATA SOURCE DESCRIPTION
The Offshore and Onshore Reliability Data project was started in 1981 with the collaboration
of Norwegian Petroleum Directorate, which later changed its name to Petroleum Safety
Authority Norway. In 1983, a cooperation group was formed consisting of several oil and gas
companies, and OREDA's scope included a broader range of surface and submarine
equipment used in the exploration and production of oil and gas (Oreda, 2015).
OREDA, for collecting data from various facilities, makes a statistical treatment to estimate
the failure rate due to the multi-samples of the various facilities, which were submitted to the
different operational and environmental conditions. In this case, the usual failure rate
calculation for homogeneous samples dividing the number of failures by the total time in
service may not bring an adequate result (Oreda, 2015).
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Thus, the mean failure rate, measured by 106 hours, estimated with a 90% confidence interval
will be used. It should be noted that the methodology adopted by OREDA for estimating the
failure rate is not part of the discussion scope of this work. More information can be found in
(Oreda, 2015).
MULTIPLEXED SUBSEA CONTROL SYSTEM DESCRIPTION
The multiplexed subsea control system (SCS) has topside components, on the production
platform, and the subsea components installed in manifolds and subsea trees. Figure 1 shows
a schematic representation of the main subsystems: MCS, EPU, HPU and SCM. In addition,
there are auxiliary equipment such as TUTA, EFL, HFL, distribution boxes, junction boxes,
subsea electrical and hydraulic connectors, sensors and transducers. Following is a brief
description of the main equipments.

Fig. 1 - Schematic sketch of a multiplexed subsea control system.

- MCS: The master control station performs the logical control of the entire system:
topside and subsea equipments. It consists of controllers, for example, PLC or industrial
computers, network communication modules, analog and digital signal input and output
modules. In addition to the control of subsea equipment, it integrates and communicates
with the platform's supervisory system.
- EPU: The electrical power unit is responsible for the single-phase power supply of the
underwater electronics. It also performs the last stage of communication between
topside and subsea equipment by inserting, via frequency or amplitude modulation, the
control signal on the same pair of cables that supplies electrical power to the subsea
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system. For convenience, and depending on the concept adopted in the design, MCS
and EPU may be together in the same physical structure (cabinet).
- HPU: The hydraulic power unit provides the hydraulic power to drive the functions of
the subsea equipment. Usually delivered at two pressure levels, the lowest (LP) is for
the equipment functions, typically valve actuation, and the highest level (HP) is for the
functions inside the well. The control fluids are composed of water (percentage of water
over 80%) and glycol. They also present other elements that guarantee some properties,
such as anticorrosive, bactericidal and low compressibility. Due to the physical
characteristics of the SCM, they must meet a strict level of cleaning.
- SCM: The submarine control module is responsible for controlling and monitoring
subsea equipment. It is responsible for the multiplexing of the electrical signal in the
submerged part of the system, and it communicates with the surface through a single
pair of cables, which also promotes its electrical supply. The main components of the
SCM are input transformers, subsea electronic module (SEM), directional control
valves (DCV), filters, modems, pressure transmitters, flowmeters, check valves,
hydraulic accumulator and dielectric oil.
RESULTS
For fault tree construction, loss well control was considered as failure of the system (top
event), since this is the main goal of the subsea control system (SCS) and this event would
cause operational restrictions or process safety incidents that could lead to temporarily
interrupt production and, consequently, financial loss or any incident related to process plant
safety. At this point, it is important emphasizes that this analysis did not model all possible
system failures, only the most relevant ones that contribute directly to the occurrence of the
defined top event.
Then, the fault tree structuring was divided into subsystems according to the discipline
involved directly, as defined and represented in Figure 2. This step was done in order to
facilitate the understanding of the whole system, besides allowing to identify the contribution
of each subsystem in the total reliability. This approach can be visualized graphically in
Figure 2, where the eight defined subsystems are linked to the top event by an OR gate.
Each of the events defined and linked to the top event were developed up to the level of the
corresponding base event. The code lines used in software R to perform the analysis and
construction of the trees are in (Silva, 2017) - Appendix B. The graphical representation of
the failure tree can be found in (Silva, 2017) - Appendix E.
Quantitative Analysis
For the quantitative analysis of the fault tree, the reliability data of the basic events, such as
failure rate, average failure time, repair time, etc., are fundamental. As in the previous
analyzes, the modeling performed considered the constant failure rate provided by the
OREDA database.
The graphical representation of the fault tree is present in Figure 2 and was generated for the
analysis period corresponding to 26.508h. In this Figure, the probability of failure of the top
event is indicated to the right side of the logic gate OR by the number 1. As well as each of
the events that contribute to the event that are represented beside logic gate with the
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indication of their respective probability of failure. The resulting probabilities allow to affirm
that the communication failure event is the one that is most likely to lead to the top event
(38.19%), followed by the undersea electronic fault (32.87%) and the failure of the activation
of the hydraulic functions 16.49%).

Fig. 2 - Fault Tree - Loss Well Control.

The probability of failure was calculated for a period slightly longer than three years (26,508
h). Figure 3 summarizes the result of the analysis in this period, with the abscissa axis being
in the unit of hours on a logarithmic scale to maintain the best visual layout of the curve. In
this Figure, it is possible to identify that the probabilities of failure for the period of 7,400 h
and 26,508 h are, respectively, 17.35% and 67.52%. In other words, the reliability in the
highlights is 82.65% and 32.48%.
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Fig. 3 - Failure probability.

Another interesting aspect observed in Figure 3 is that in the first 1.100h, considering that the
system was properly installed, tested and commissioned, the probability of failure at the end
of this period is 1.78%. From that point, the failure probability grows faster.
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Qualitative Analysis
The qualitative evaluation of the fault tree was performed through the identification of the
minimum cut sets), which consists of determining the minimum groups of basic events
necessary to cause or lead to the top event. That is, the minimum cut set can be verified by
simulating the scenario where all components that integrate the cut set are not operative, the
rest are and the system remains inoperative. In this condition, if an element of the cut set
return to operate the system also returns.
In the simulation, made in R software, resulted in sixty minimum cut sets that are listed in
Appendix D (Silva, 2017). There are thirteen of first order, forty-one of second order, four of
third order and two of fourth order. The order indicates the number of elements (basic events)
that compound the cut set. No sets with order higher than four were identified.
The most critical elements identified from this type of analysis are the cut sets that present the
least amount of elements. For example, a cut set of one element means that if that component
fails the whole system will be inoperative. However, given the number of sets, they were
ordered in descending order relative to their relative probability of occurrence. Table 1 shows
the fourteen cut sets that represent, proportionally, 94.73% of the failure probabilities of all
the sets found. Thus, the remaining forty-six sets account for 5.27%.
Table 1 - Cut sets probability.
Cut sets

PFD

1-PFD

Relative Failure
Contribution

Sum

E20,E37

0,2776

0,7224

23,05%

23,05%

E19

0,1441

0,8559

11,97%

35,01%

E8

0,1054

0,8946

8,74%

43,76%

E27,E44

0,0768

0,9232

6,37%

50,13%

E26,E44

0,0755

0,9245

6,27%

56,40%

E27,E43

0,0755

0,9245

6,27%

62,67%

E26,E43

0,0742

0,9258

6,16%

68,83%

E25,E44

0,0521

0,9479

4,33%

73,16%

E27,E42

0,0521

0,9479

4,33%

77,49%

E10

0,0516

0,9484

4,29%

81,77%

E25,E43

0,0512

0,9488

4,25%

86,03%

E26,E42

0,0512

0,9488

4,25%

90,28%

E25,E42

0,0354

0,9646

2,94%

93,22%

E13,E36

0,0182

0,9818

1,51%

94,73%

Thus, the basic events and their combinations listed in the Cut set column in Table 1 are the
most likely failures to occur and indicate the critical points of the subsea control system when
loss well control is considered as top event. The relative weight column informs how much
the probability of that cut set represents in the whole cut sets found in the analysis. The total
column (sum) indicates the sum of the percentages of the minimum sets.
The set {E20, E37}, which has the largest relative weight, contains the failures related to the
topside control system, MCS A and MCS B, respectively. The event E19, second line in
Table 1, is still related to topside system and models the sum of spurious operation failure
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rates, erroneous controller output and unknown faults. Event E8 indicates the hydraulic
leakage faults to the internal or external medium of the DCVs that perform the twenty control
functions of the SCM. The six subsequent sets are associated to failure events on the subsea
electronics (E27 and E44 - failure of the SCM flowmeter sensors, E26 and E43 - failure of
SCM pressure sensors, E25 and E42 - failure of the SEMs).
CONCLUSION
This research contributed to the application of reliability engineering in the subsea equipment
industry applied in offshore production of oil and gas, specifically in subsea control systems.
A subsea control system has been described, in terms of its functionality, in order to facilitate
the understanding of the study. In addition, it was presented the main equipments that
compound the subsea systems of petroleum production.
In the development of this research, a functional analysis of the control system was performed
to define the function to be modelled by the fault tree analysis technique in R software and the
failure rate data source was OREDA handbook.
The fault tree reliability study found a 32.48% probability that the system will be operational
after 26,500h. Failures that have the greatest influence on the probability leading to top event
are communication failure (38.19%), followed by subsea electronic fault (32.87%) and failure
in hydraulic functions (16.49%). These probabilities were calculated for 26,500h mission
time.
In the qualitative analysis, sixty cut sets were found. Fourteen of them are responsible for
94.73% of the probabilities of all sets found. The basic events present in the most
representative cut sets are related to failure in topside control system (MCS A and MCS B),
spurious operation failures and erroneous output of the controller.
The limitation of the study was the failure rate data for electrical and electronic equipment.
These data are not in component level, as for mechanical and hydraulic components. Future
work could study other topologies for the system in order to minimize influence of the
components and critical failure. Another suggestion would be to propose new technologies to
replace equipments and components currently used.
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ABSTRACT
To meet the demand for the supply of oil and its derivatives, companies in this sector in
Brazil, especially Petrobras, invest in the assembly of terrestrial pipelines to transport these
products. The costs to perform such tasks are high and involve large amounts of labour and
equipment resources. Among the various activities in the assembly of pipelines, the welding
process is particularly noteworthy. This work has as general objective the application of the
Value Stream Mapping (VSM) tool in the evaluation of the welding processes of terrestrial
pipelines assembly used for supply oil and its derivatives. As specific objectives and
following the concept of (VSM), the Current State and the Future State of the Value Stream
of the welding process were elaborated. After the critical evaluation of the Future State, a
work plan was proposed for possible improvements by Petrobras senior management. The
focus of the changes was to reduce the costs and deadlines for the process development.
Keywords: terrestrial pipelines, welding, value stream mapping.
INTRODUCTION
The construction and assembly of terrestrial pipelines, when compared to the automobile
industry, resembles an inverted assembly line, since in the assembly of pipelines the labor and
equipment involved in the activities do not remain in workstations, waiting for the product to
move towards them, on the contrary, they are people and equipment that move through the
work, divided by specialized teams, to perform the tasks, as shown in Figure 1 (Freire, 2009).

Fig. 1 - (a) Tubes prepared with machined bevels (source http://www.chilexpo.com/ consultation on
05/06/2017); (b) top welding of the tubes forming a column (Source: Petrobras collection, 2010)

Therefore, the authors understood that the use of the Value Stream Mapping (VSM) tool
(Shook, 2003) is adequate to introduce welding process improvements to the ground tubes in
the field. This work has as general objective the application of the Value Stream Mapping
Tool (VSM) in the evaluation of the welding processes of terrestrial pipelines assembly used
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to supply oil and its derivatives. As specific objectives and following the concept of (VSM),
the Current State and the Future State of the Value Stream of the welding process were
elaborated. After the critical evaluation of the Future State, a work plan was proposed for
introductions improvements to be evaluated by Petrobras senior management. The focus of
the changes was to reduce costs and deadlines for the process development.
RESULTS AND CONCLUSIONS
The result found through the State of Future Map, from the current one, made it possible to
reduce production lead time from 172 minutes to 142 minutes. This means a 17.4% reduction
in lead time, maintenance of value added time in 86 minutes, for the GMAW combination
with FCAW in both teams, would generate a 50% to 60% increase in the total lead time used
for activities that add value and a significant increase in OEE with the change in the SMAW
welding methodology. So OEE of 0.67 will increased to 0.79 if GMAW could be combined
with FCAW. This result is reflected in the higher quality of welded joints, avoiding rework of
these joints. In view of the aforementioned considerations, the following Plan of Action was
drawn up (Table 1).
Table 1 - Action Plan to be proposed to Petrobras Senior Management
Improvement Point

Immediate Actions

Future Actions

Reduction of the pipe
stock displacement time
to the welding site

1. Anticipation of the start and end of
the workload of the tube loading team.
2. Request from the supplier to
implement the VSM in the tube
concreting activity reducing the
execution time of this service.

1. Study of the locations for pipe supply
to equalize the average distance between
the welding tubes sites. 2. Consider,
when defining the pipeline, the best
accesses between possible pipe suppliers
and the places where the work will be
performed.

Welding method change
(SMAW for GMAW /
FCAW)

1. Change of welding equipment
2. Training of operators, if necessary.

Before the beginning of the works, study
the best combination of welding methods
to be implemented in the pipeline
construction, aiming at reducing lead
time.

Study of new welding
methods

1. Identification of studies about
welding methods potentially more
productive than those currently used in
the work. 2. If a new method is
identified, perform tests to review the
welding procedure.

Before the beginning of the works, study
the best combination of welding methods
to be implemented in the pipeline
construction, aiming at reducing lead
time.
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ABSTRACT
A conveyor screw from the solid waste treatment industry, used to move organic waste and
therefore subjected to a corrosive environment, was studied. The interaction of the mechanical
component with the waste tends to speed up the wear process, resulting in a low equipment
life/durability. This study compares the wear behaviour of three rolled steels for the
production of a screw. AISI 1024, AISI P20 and AISI 304 steels were tested on a pin-on-disk
apparatus, under the influence of three different waste types which act as corrosive
environments during the pin-on-disk wear test. Two of the waste types were organic with
different compositions, while the third was organic-based with addition of glass particles.
Keywords: hot rolled steel, wear, tribocorrosion, screw, ecodesign.
INTRODUCTION
The interaction between the solid waste and the rotating screw gives rise to damage caused by
simultaneous corrosion and wear (tribocorrosion) of the component. The wear is mainly
identified as adhesive, abrasive and corrosive wear. The environment where the tests are
performed is of great influence to the wear rate. Usually, for atmospheric conditions, the noncorrosive wear rate is lower than that observed under tribocorrosion conditions (Li et al.,
2016). Small particles originated by the corrosion process can influence the wear as such
particles work as an abrasive (Lyu, Zhu and Olofsson, 2015).
RESULTS AND CONCLUSIONS
In this work, a total of 27 wear tests were performed, with 3 alternative materials used for
screw manufacture. To insure the samples’ roughness did not exceed 0.8 µm, the original
steel plates (AISI 1024, AISI P20 and AISI 304) were divided into 30mm×30mm squares and
were then mechanically grinded as shown in Figure 1(a). As shown in Figure 1(b), this wear
tests were performed on a pin-on-disk tribometer, subjecting the samples to the influence of
three different corrosive environments (organic waste, organic waste with added glass
particles, and organic waste with added egg shell). A speed of 0.1 m/s and a load of 41.14 N
were used to perform each wear test, which lasted for 30 minutes. The wear tests were
performed at room temperature (≈25º C), notwithstanding the fact that the contact temperature
between the disk and the pin tends to rise, a factor which was not controlled in this study.
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(a)

(b)

Fig. 1 - (a) Samples prepared for wear test; (b) and sample with wear track result from pin-on-disk test.

The results from the wear tests are shown in Figure 2. The presence of small particles such as
glass particles influences the wear rates. The original steel (AISI 1024) is the most wear
resistant when tested with waste 2.

Volume Loss [mm3]
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AISI 304
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1
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Fig. 2 - Materials volume loss [mm3]

This study shows that, under ideal circumstances, that is, a completely organic solid waste,
the most efficient solution would be to produce the screw from AISI 304 stainless steel, due
to a higher corrosion resistance. Nevertheless, AISI 1024 presented the best behaviour when
the organic waste with added glass (waste 2) was used.
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ABSTRACT
This work is based on the study of damage causes in a DIN 16MnCr5 steel pair of helical
gears. Vickers micro hardness tests were carried out and an in-depth study of two zones of the
material in question was studied: hardness analysis of the material composing the gear body
and analysis of the hardness of the teeth in the area of head of the tooth and study of the
hardness along the profile of the tooth. A study of the distribution of defects in depth in 4 gear
samples was performed, where the numbers of defects were counted, and the respective areas
were measured through processing of optical microscopy (OM) imaging. Finally, wear tests
were carried out on the material and its behavior on dry and lubricated wear was evaluated
using a pin-on-disc test machine.
Keywords: gears, hardness, manufacturing defects, pin-on-disc testing, wear.
INTRODUCTION
Gear transmissions play a key role in modern technology, as they transfer both power and
motion with high efficiency. The interaction between gear teeth in a transmission may be
affected by wear in a negative fashion causing non-uniform gearing rate, decreasing
efficiency and severe tooth failure (Flodin and Andersson, 1997). This work aimed to study
the behaviour of the DIN 16MnCr5 steel pair of helical gears, considering the service
conditions to which they were subjected. Such conditions were: an input power to the gear
motor of 5.5kW at 1500rpm, a gear ratio of 27.88 and a torque at the output shaft of 800Nm at
50rpm. A total of 9 Vickers microhardness tests were performed on a set composed of 3
circular samples with 25mm of diameter obtained from the gear body, on which 3 teeth were
tested in the contact zone and other 3 teeth in the tooth profile region. Sample surface
preparation and testing method followed the ASTM E384-16 standard (ASTM E384-16,
2016). For the defect analysis, 4 circular samples also of 25mm diameter were obtained from
the inner material of the helical gear. Other 9 samples of the same size were obtained from
that region for pin-on-disc wear testing. Sample surface preparation and testing were
performed in accordance with ASTM G99-95a standard (ASTM G99-95a, 2000).
RESULTS AND CONCLUSIONS
In the body of the helical gear, the average Vickers hardness value obtained was 294,82HV,
with a value of 671,60HV recorded for the gear tooth flanks. Regarding the study of the
hardness along the profile of the tooth, a decrease in hardness as the distance to the top of the
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tooth increased was observed, leading to conclude for the influence of carburization. On
average, the hardness values tend to become constant after 1mm to 1,5mm from the top of the
tooth.
On the defect analysis performed with the software ImageJ, it was concluded that most of the
defects present in the studied samples have an area in the range of [1×10-6 mm2 to 1×10-5
mm2], which represent about 46.38% of the total defects observed. It was also possible to
identify areas with more manufacturing defects than others, which led to infer that there is a
lack of homogeneity of the material, intrinsic to the manufacturing process.
First pin-on-disc dry test (Test-1) was made to estimate a loss rate of material [mm3], to both
sample and pin (equations (1) and (2))11, with a 41,14N load applied, at a rotation speed of
350rpm, with a 50 minutes test period. Stops were made each 10 minutes to weight both
sample and pin.
߂ܸ = 0,0018 ×  ݐ+ 0,0183

(1)

߂ܸ = 0,0015 ×  ݐ− 0,0024

(2)

Second pin-on-disc dry test (Test-2) evaluated the volume loss in the material under different
applied loads (16.93N, 30.84N, 34.35N and 41.14N), during 40 minutes at 350 rpm. The
values of the friction coefficient registered were in the range 0.5 to 0.75, as expected.
Equations (3) and (4) were obtained for the specimen and pin, relating the volume loss of
material [mm3] to the different applied loads.
߂ܸ = 0,006 × ݁ ,ଵଵସସ×ிಿ

(3)

߂ܸ = 0,0031 × ݁ ,ଵଷ×ிಿ

(4)

A third pin-on-disc test was performed with old lubricant, during 40 minutes at 350rpm, with
an applied load of 82.75N. The volume losses were insignificant to both specimen and pin. It
was concluded that the friction forces, friction coefficients and the temperature close to the tip
of the pin decreased, in average, 20N, 0.6 and 11℃, respectively.
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ABSTRACT
This work aims to evaluate the performance of laser beam machining process, regarding
manufactured components quality and the production efficiency. The machining tests were
performed on Ti6Al4V by varying three input parameters, pulse frequency (A), laser speed
(B) and laser intensity (C). The test plan was defined based on a Taguchi model, seeking to
identify the influence of operating parameters on surface integrity, geometric and dimensional
accuracy, as well as the material removal rate. The results show that the laser erosion process
can be used with success in the manufacture of micro components and functionalities.
Keywords: laser beam machining, titanium alloy, surface integrity, material removal rate.
INTRODUCTION
Laser beam machining (LBM) is well known in manufacturing industry for general consumer
goods applications. The machine available in the market differs essentially by the laser source
they use, being of two types: gas or solid-state lasers. The power source choice depends on
the application purpose. In case of metal processing it is necessary to use a concentrated light
beam which allows adequate penetration of the radiation into the material. Crystal and fiber
lasers are those that, due to a micrometric wavelength, allow faster and more efficient
processing of metallic materials. They are examples of applications in the most diverse
sectors of the industry, such as injection molds, automotive, aerospace and medicine, making
use of various materials, including titanium alloys, stainless steel, aluminium and nickel
superalloys [1]. LBM is an advanced machining technology that enables small material
removal quantities with high precision and fabricates complex geometries in almost any
material [2]. The material removal rate (MRR) is based on thermal processing due to the high
heat flux generated by the laser beam that melts and vaporizes the workpiece at the focal point
[3]. As energy transfer occurs through irradiation, mechanical stress, vibration, or mechanical
degradation of the workpiece or tool is not impelled. In particular, the non-wear of the tool
permits constant geometric and dimensional accuracy and eliminates the problems associated
with tool replacement or breakage. In addition, the MRR is not limited by constraints such as
maximum tool strength, burr formation, or deformation of delicate component functionalities.
RESULTS AND CONCLUSIONS
Figures 1 and 2 shows the main effect plots for roughness (Ra) and MRR, respectively. It can
be noticed that the input factor with most influence on the surface roughness is the laser
speed, meanwhile for MRR is the pulse frequency.
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ABSTRACT
The evolution of information technologies and their introduction into production processes is
transforming the industry bringing it to a new level of organizational development. Industry
4.0 or the fourth industrial revolution promises to have great impact not only on improving
productivity but also on developing new products, services and business models. At the same
time, the role of the Lean management philosophy in these new production scenarios will be
questioned. Thus, this paper aims to intensify the discussion about how the combination of
these two approaches can be the key to achieving the degree of flexibility necessary to
overcome the current challenges of high variability, customization and reduction of product
life cycles.
Keywords: lean, industry 4.0, technologies, CPS; IoT, cloud, big data.
INTRODUCTION
Lean production systems have successfully challenged conventional mass-production
practices, reducing non-value-added activities and delivering quality products focused on
customer satisfaction. At the global level, industries have strived to become "Lean"
organizations and reap the benefits associated with this philosophy. However, the constant
changes in global markets and high competitiveness have led to the need to provide
customized products to satisfy increasingly demanding customers. Although Lean allows
achieving good results in the production of reduced batches, any adjustment in processes,
cycle times or stocks increases the complexity of the processes, limiting the production to the
manufacturing of products with shorter life cycles and unit batches. Thus, organizations have
sought to find new management and production methodologies in order to achieve the
necessary flexibility to survive in these new scenarios. The German government, as well as
governments of other countries and influential organizations, believe that Industry 4.0
(Hermann, 2016) will play a relevant role in the formation and performance of these new
industries. Discussed worldwide under various denominations, Industry 4.0 encompasses a set
of state-of-the-art technologies linked to the Internet with the aim of making production
systems more flexible and collaborative. In this approach, machines use self-optimization,
self-configuration and even artificial intelligence to accomplish complex tasks in order to
provide much higher cost efficiencies and better quality goods or services (Bahrin, et al.,
2016). Through the widespread implementation of sensors in the production environment, it
will be possible to join the physical and virtual worlds, giving rise to Cyber Physical Systems
(CPS). These systems connected through the Internet of Things (IoT) will interact with each
other using standard Internet-based protocols and analyse data to predict faults and adapt to
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changes (The Boston Consulting Group, 2015). These new industrial structures can be the key
to achieving the high levels of productivity and quality desired by LP. Therefore, this work
aims to explore the interaction between Lean Philosophy and Industry 4.0 and demonstrate
how the implementation of both can be complementary.
RESULTS AND CONCLUSIONS

x

x

x

x

x
x
x
x
x
x
x

Horizontal/Vert
ical
Integration
Plug’n Produce

x
x
x
x
x
x
x

Augmented
Reality
3D Printing

x
x

Simulation

x

Big Data

IoT

x
x
x
x
x
x
x

Cloud

CPS

Continuous Flow
JIT
Kanbam
Poka-Yoke
Pull System
SMED
Value Stream Mapping (VSM)

RFID

The literature review has revealed that Industry 4.0, with its advanced integrated systems of
information and communication connected online, provides organizations with significant
capacity to achieve Lean objectives.

x
x
x
x

x

x

Fig. 1 - Interaction between LP tools and Industry 4.0 solutions

Figure 1 shows some crossings between Industry 4.0 solutions and LP tools to determine the
importance this interaction for the future industries. Technologies such as CPS, IoT, Cloud
and Big Data, for example, facilitate communication between "smart devices" offering wide
possibilities for optimization and collaboration. In addition to these benefits, the combination
of these two approaches brings financial benefits resulting from the reduction/elimination of
redundant waste that makes up for the required investments.
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ABSTRACT
The use of air conditioning equipment is becoming more frequent, and new technologies are
emerging to increase the efficiency of the process and decrease the operating costs of air
conditioning systems. In data centres, where electric power consumption is high and indoor
cooling is a constant, the air conditioning systems are responsible for a large part of the
building's energy consumption. In this work, a data centre with a twenty years old cooling
system (with production of chilled water), was analysed and is about to be replaced. In order
to meet the thermal load of the building, two solutions were proposed with a more efficient
refrigeration system: one with production of chilled water (case 1) and another one with a
direct expansion system (DX, case 2). It was also analysed the possibility to use free cooling
in both of them. In both cases the results obtained shows a significant reduction on the energy
consumption and consequently a reduction in the CO2 emissions, regarding the old system.
An economic analysis was also carried and the conclusions were that they are profitable. The
final decision is due to the customer.
Keywords: free-cooling, energy efficiency, data centre.
INTRODUCTION
Currently, energy is increasingly becoming a critical factor in the profitability of companies,
services and industry. Energy efficiency (Mellár, 2016) is a priority for competitiveness and it
is also here that rehabilitation will play a very important role. The investment in new
buildings is being replaced by the investment and remodeling of the existing spaces with a
view to future gains in the energetic invoice.
The Energy Efficiency Directive, which aims to put Europe back on track to meet the 20%
energy efficiency target by 2020, is one of the key pillars for reducing energy consumption.
There is significant potential in service buildings because in these buildings energy
consumption devoted to air conditioning is of greater importance than is the case in housing,
and a relevant impact of the energy efficiency requirements of this sector is expected. In this,
are the systems of processing of data. These emerged as a response to the need to have spaces
with specific environments, with technical requirements for the placement of servers and data
banks. The importance of this type of building is easily discernible in view of the evolution of
telecommunication users, in particular the internet, (Telecommunications Industry
Association, 2005; ASHRAE; The Green Grid, 2012; Txapartegi, 2016).
Power consumption in this spaces is very high, largely due to the increase in server density.
Manufacturers are looking to help customers make the most of every square foot of data
center space, and are now integrating more and more processors and more computing power
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than ever before. In fact, the density of a server has increased tenfold over the last decade and
the server's average power consumption has quadrupled. Higher density results in higher
operating temperatures and increase in energy and air conditioning requirements, to avoid
possible systems failure (Hewlett-Packard, 2010).
The objective of this work is the study of new air conditioning systems for a data processing
center (Evans, 2016) to replace the existing one, with twenty years. It takes into account the
determination of an optimization of energy in the level of the air conditioning components,
through the use of free cooling systems leading to a higher energy efficiency of the building.
As a consequence, it will result in lower operating costs for the new proposed air conditioning
systems to be installed and consequently a reduction in greenhouse gas emissions.
CASE STUDY AND METHODOLOGY
The building chosen for this work is located in Porto and is considered a PES (Small Building
of Commerce and Services), since the useful interior area is less than 1000 m2, which will
undergo a major intervention.
The building has an air conditioning system with more than 20 years, in which there are six
units inside the room CRAC (Air handling units for computer rooms with the production of
chilled water). These units are powered by two 110 kW chiller each. This equipment’s present
a state of degradation quite advanced. The distribution network is made using black iron pipe
properly insulated.
In order to correctly size the new air conditioning systems to be proposed, to make a
comparison between them and to assess their advantages over the old one, to be replaced, the
HAP software (Carrier, 2005) was used. It is a program that offers numerous options for
designing AVAC systems for commercial buildings, and also has an enormous capacity to
perform an energy analysis, regarding comparisons of consumption and operating costs
between air conditioning systems. This program is widely used in energy efficiency projects
in buildings, due to its ability to simulate on an annual scale (8760 hours) taking into account
local conditions. The calculation method used by the HAP is called the Transfer Function
Method. For the evaluation of the thermal requirements of the building, to determine the
required air conditioning equipment, the following data must be entered: characteristics of the
surroundings, climatic conditions and local solar radiation, the utilization profiles and thermal
inertia. All this information is available
As said above, for the replacement of the old equipment, two different systems were studied:
•
•

Case 1: CRAC units of type CW, with chiller for production of cold water;
Case 2: CRAC units of type DX. In this system the only difference for Case 1 is that
there is no need for cold water production units since CRAC will be of type DX and as
such will have its own refrigeration circuit.

Before simulating these two systems, it was necessary to know the information of the data
centre billing, corresponding to the consumptions verified in the year 2015 (with the old
system). The results are shown in Table 1 (Moreira, 2016).
The thermal load of the building was simulated using the code HAP, (CARRIER, HAP, 2005)
and it is of 305 490 W. In Table 1 it is displayed the annual consumption of each item in the
data centre as well the annual cost of each solution proposed. For that it was considered an
average cost of the electricity of 0.11€/kWh.
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Table 1 - Data centre billing in the year 2015.
Hourly
consumption
(kWh)

Annual
consumption
(kWh/year)

Cost (€/year)

Consumption
percentage (%)

Electric equipment

105

919800

101178

58.3

Refrigeration

67

585920

64451

37.1

Lighting and others

28

72800

8008

4.6

Total

200

1578520

173637

100

Items

ENERGETIC COMPARISION OF THE TWO CASE STUDIES
Case 1
Taking into account the value of the energy needs of electricity, if an implementation of five
(N) CRAC units is carried out, each one should have a capacity of 61 098 W of cooling
power. However, considering the redundant systems, the installation must have 6 CRAC units
(N + 1) in accordance with the rating required in this case Tier III (Tier, 2005; Ashrae, 2009).
Thus, a set of CRAC units will be implemented within the room, which, in order to achieve
the desired classification, must have a double electrical supply, coming from two separate
electrical panels, so that an electric panel can be put out of service without affecting the
correct operation of the installation. The redundancy system must be at least N + 1, ie a
CRAC unit, with the installation in full operation, must be switched off in order to be used
only in the event of another CRAC unit being put out of service.
Case 2
As in the previous case, six units will be installed. Each CRAC unit has a total thermal power
of 66 kW, but also has two independent circuits of refrigerant, which means that each circuit
will account for half of the total thermal power, ie. 33 kW. This particularity of the unit
having two refrigerant fluid circuits, each one with a compressor, allows the unit to operate
only with one circuit, thereby giving a greater modularity in terms of operating ranges and in
case of rupture of the refrigerant tubing only half of the unit will be inoperative, the other
circuit being fully operational.
Table 2 shows a comparison between the results obtained through simulations for the two
systems under consideration.
Table 2 - Comparison of the main parameters of the two case studies.
Case 1
Items

Case 2

Annual consumption
(kWh/ano)

Annual costs
(€/ano)

Annual consumption
(kWh/ano)

Annual costs
(€/ano)

Electric equipment

919800

101178

919800

101178

Refrigeration

208336

22917

192582

21184

Lighting and others

80082

8809

80082

8809

1208218

132904

1192464

131171

TOTAL

-1053-

Symp-08: Sustainable Energy Systems

It can be seen that there is a significant reduction in the annual energetic consumption of the
new proposed refrigeration equipment’s when compared with the old one. The results are
displayed in Table 3.
Table 3 - Comparison of the main parameters of the two case studies.
Case 1

370 366 kWh/ano

Case 2

386 056 kWh/ano

Also in case 1, the annual cost of electricity is € 132904. It is seen that there is a decrease of
41 534 € per year in relation to existing plant (see table 1), i.e., with this system one obtains a
reduction of 64% compared to the current cost. It is this value that the end user will save if
they decide to deploy the installation 1.
In case 2, the annual cost of electricity is € 131171. There is a reduction of € 43267 per year
in relation to the existing plant (see table 1), that is to say, this system achieves a reduction of
67% compared to the current cost. It is this value that the end user will save if they decide to
deploy the installation 2.
FREE COOLING
The Free Cooling (FC), (Petshchke, 2015), in this particular case, can be implemented
directly in the CRAC units. This system consists of coupling a plenum to the CRAC unit of
type CW. This plenum has two registers that are responsible for new air and recirculation air.
The motorization of these registers is done by the controller of the CRAC unit itself with the
aid of an external temperature probe.
Considering the unit's technical data sheet, (STULZ), the airflow allowed by the fans is 14
840 m3h-1 and as such this will be the allowed flow per unit for the application of FC. In view
of the First Law of Thermodynamics, (Afonso):
where:

 = 1,23 ×

×



−



1

QsL- Sensible gains [W]
- Air flow rate [ls-1]
Ti - Indoor air temperature [°C]
Te - Outdoor air temperature [ºC]
Knowing the internal temperature, Ti, that is defined by the end user, 24ºC, and assuming that
the six CRAC units of case 1 can operate in FC mode simultaneously, making a total of 89040
m3h-1 of available fresh air flow, the minimum air temperature to climatize the space with FC
is given from equation 1:


= 15,29º

Observing the environmental conditions of the place where the installation is located, through
(SolTerm 5), it is possible to verify that there are 5296 hours during the year when the outside
temperature is lower than 15,29 ºC. So, in this installation, more than half of the year will be
air-conditioned using the free-cooling system and the rest of the year the air conditioning will
be made using the refrigeration equipment. Thus, the electric consumption will be reduced.
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In case 2, the procedure for the determination of the FC system is similar to the previous one.
However, the air flow rate of this CRAC unit is 20 000 m3h-1, (STULZ). Thus, for the same
internal temperature of the data center, and through equation 1, the external temperature is:


= 17,53º

Therefore, observing the environmental conditions of the place where the installation is
located, it is possible to verify that there are, during the year, 6566 hours when the outside
temperature is below 17.53 ºC.
Thus, in this installation, about three quarters of the year will be air-conditioned using the FC
system and in the rest of the year the air conditioning will be made using the refrigeration
equipment. Thus, the electric consumption will be reduced.
ECONOMIC ANALYSIS
The determination and analysis of the profitability indices allow the user to quickly reach
conclusions on the profitability of the investment projects, that is, it allows to verify if a
certain investment is profitable or not.
For the determination of these indicators it is necessary to forecast the following variables,
staggered in time when applicable:
• Costs of investments;
• Operating or operating revenues;
• Operating or operating costs;
• Economic life of the project;
• Inflation rate;
• Interest rate.
Investment costs, revenues and operating costs are referred to as cash flow, which are the
amounts received or expended by the user with the facility.
Considering that there is currently an air-conditioning installation in the building under study,
the maintenance costs will be the same for the new installation and as such will not be
considered in this analysis.
For this specific case, a ten-year economic life with an inflation rate of 1% and an interest rate
of 3% is defined for the project.
The indices of profitability are:
•

Net Present Value (VAL)

The NPV aims to assess the feasibility of an investment project by calculating the present
value of all its cash flows. Current value means the today value of a certain amount to be
obtained in the future. Since any investment only generates cash flow in the future, it is
necessary to update the value of each of these cash flows and to compare them with the value
of the investment. In case the investment value is lower than the current value of the cash
flows, the NPV is positive which means that the project has a positive profitability.
To update future cash flows, a rate is called the interest rate. This interest rate is no more than
the rate that the user would have because of the opportunity cost of putting, for example, such
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amount of money in a savings (term deposit), to earn interest. The NPV is calculated by the
following equation, (MEGRE):
"

 = 
#$


1 + !

€ 2

where:
FCt - Cash flow in year t;
t - Year in time when money will be invested;
n - Number of years t;
i - Interest rate.
•

Internal Rate of Return (IRR)

IRR is the discount rate at which the present value of future cash flows equals the initial
current investment, ie the discount rate at which cash flows are financially equivalent to
investment costs. In summary, the IRR is the update rate for which the NPV is equal to zero:
&' = !

↔

)* = 0

3

This rate should be compared to the interest rate. If IRR is higher than the interest rate, the
project is acceptable.
•

Return Of Investment (ROI)

The ROI is an index that represents the ratio between the amount earned as a result of an
investment and the amount invested, ie in our case:
',& =
•

-./-01ç0 31345é7!80
8/97. !1 397!:317.

4

Payback

This value is simply the inverse of the ROI and allows the calculation of the time needed to
recover the invested capital.
Due to the variation in price of goods and services, it is necessary to update the cash flow
because it will be higher since the unit price of energy will also be. This rate will be
considered 1% per year. Therefore, cash flow will follow equation 5:
<
< = =$
× 1+∝ €

where:
 < − )87/0? 809ℎ A?.B !1 C304 7;

 <=$ − )87/0? 809ℎ A?.B !1 7ℎ3 -43 !./9 C304 7 − 1;

∝ − &1A?07!.1 4073.
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ECONOMIC COMPARISON OF THE TWO CASE STUDIES
With the equations 2 to 5 an economic comparison of the two cases studies have been done
and the results are summarized in Table 4.
Table 4 - Economic comparison of the two case studies.
Initial cost

Annual
savings

VAL

TIR

ROI

Payback

Case 1

355 122.78€

41 534€

18 346.74€

4%

12%

8.1

Case 2

273 581.52€

43 267€

115 470.96€

10%

17%

6.1

From the above table, it is verified that for case 1, the NPV is positive and as such the
investment is profitable, the IRR has a rate of 4%, which is higher than the 3% interest rate,
making this project acceptable. In addition, the investment made is made at a rate of 12% per
year, and the initial investment will be fully recovered at 8.1 years of operation.
For case 2 the NPV is positive and as such the investment is profitable, the IRR has a rate of
10%, which is higher than the 3% interest rate, making this project acceptable. In addition, the
investment is made at a rate of 17% per annum, and the initial investment will be fully
recovered at 6.1 years of operation.
So, it is possible to conclude that case 2 is economically the most favourable in all respects. It
has a lower initial investment and a larger savings account, that is translated into a higher IRR
and a lower Payback.
AVOIDED EMISSIONS OF CO2 IN THE TWO CASE STUDIES
In both cases there is a reduction in electrical energy consumption regarding the actual
refrigeration system and, as such, there is a decrease of CO2 emissions into the atmosphere.
Each year, the Energy Services Regulatory Agency (ERSE) publishes the CO2 emission
factors to be used for the determination of specific emissions. This publication is based on the
most recent information on the electricity generation facilities of the Iberian Peninsula, Table
5 below:
Table 5 - CO2 emissions factors.
Emission factor of CO2 (g/kWh)

Year

2015

Hydric Wind

0

0

Renewable
Others
cogeneration renewable
0

0

Solid
urban
waste

Fossil
cogeneration

Natural
gas

Coal

Nuclear

841

327

354

980

0

According to the data of the year 2015, the production of electricity was distributed taking
into account the type of energy source. Table 6 shows that distribution as well as the avoided
emissions of CO2 for case 1.
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For case 2 the calculations are similar. Table 7 displays the comparison of the avoided CO2
emissions in both cases.
Table 6 - Avoided CO2 emissions per source type in case 1.

Source type

Source of energy

Electric
energy
production

Emission
factor
ofCO2
(g/kWh)

Emission
factor of CO2
per source of
energy
production
(g/kWh)

Decrease in
energy
consumption
(kWh/year)

Avoided
emissions of
CO2 per
source of
energy (kg
CO2/kWh)

Wind

13.1%

0

0

0.0

Solid urban waste

0.3%

0

0

0.0

4.3%

0

0

0.0

Hydric

13.2%

0

0

0.0

Other renewables

2.8%

0

0

Renewable Renewable cogeneration

0,0
370366

Fossil cogeneration
Natural gas
No
Coal
Renewable
Nuclear
Solid urban waste

9.0%

327

29.43

10899.87

17.0%

354

60,18

22288.63

35.6%

980

348,88

129213.29

4.4%

0

0

0.0

0.3%

841

2.523

934.43
TOTAL

163336.22

Table 7 - Comparison of the main economic parameters of the two case studies.
Avoided emissions of CO2 (ton)
Case 1

163

Case 2

170

CONCLUSIONS
In this work a data centre was analysed regarding the refrigeration system used, that is twenty
years old, with production of chilled water. Two alternative solutions were studied in order to
replace the existing one: the first with a more efficient refrigeration system with production of
chilled water (case 1) and second one, also more efficient with a direct expansion system
(DX, case 2). It was analysed both cases regarding the energetic efficiency, economics aspects
as well as avoided CO2 emissions.
The solution of case 1 uses CRAC units of type CW, consisting of air-water chiller. In the
case 2 the solution uses CRAC units DX type. These units are autonomous and independent
and are operated in a stand-alone type system.
Both cases were sized with saving modules, implemented in the CRAC units in order to take
advantage of free cooling by introducing cooler outside air, leading to a saving in operating
costs.
A summary of both cases is shown in Table 8.
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Table 8 - Comparison of the two case studies.
Investment costs

Annual savings

Payback (years)

Avoided CO2
emissions (ton)

Caso 1

355 122.78€

41 534€

8.1

163

Caso 2

273 581.52€

43 267€

6

170

From the analysis of the shown tables it is possible to conclude that case 2 is the best
implementation at all levels.
Despite the previous analysis, it will always be the end user to decide which solution to
implement.
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ABSTRACT
In film cooling flows, especially for high blowing ratios, the two contra rotating vortices are
known as main contributor to the dramatic decrease in the film cooling effectiveness. These
vortices entrain hot free stream gas and push them toward the blade wall. So, the thermal
protection by cold injected air film is rapidly destroyed. One solution to reduce the effect of
the contra rotating vortices at high blowing ratios is the use of the anti-vortex concept
developed and studied at NASA Glenn Research Center. In the present investigation, a
detailed computation of the new anti-vortex concept is realized by the use of a 3D NavierStokes code. Several geometrical configurations combined with high blowing ratios and
variable density ratios are considered. Numerical results of holes equipped with the antivortex concept are compared to a baseline round hole injection and show promising
improvement in all thermo-fluid aspects. The turbulence field is resolved by use of the SST
turbulence Model. Computational results are presented in details and compared for different
blowing ratios.
Keywords: film cooling, jet in cross flow, anti-vortex concept.
INTRODUCTION
The film cooling technique is based on injection of the coolant air through simple and
complex holes arranged in one or more rows of holes. Different geometries for film cooling
are studied using both experimental and numerical approaches. However, when one is testing
turbulence models, numerical schemes or new holes geometries, the outcomes are
benchmarked against the basic film cooling geometry configuration which consists of a row
of round holes in a flat plate. Sinha et al. (1991) have provided a well-documented
experiment for such case allowing its use as a benchmark test for numerical models. A well
observed property of the flow from a round film cooling hole is the counter-rotating vortex
pair that is responsible for jet separation from the surface at high blowing ratio. The counterrotating vortex pair entrains the hot free stream gas from the main flow to the vicinity of the
wall. So many research efforts are directed towards finding new geometrical designs that lead
to the destruction or reduction of the counter-rotating vortex pair. A good review of such
studies is presented by Heidmann, (2008). In the present study we are interested in the antivortex film cooling concept.
RESULTS AND CONCLUSIONS
Figure 1(a) shows the effectiveness contours over the wall surface. The low blowing ratio
considerably enhances the lateral spreading of the cold jet and leads to the maximum laterally
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averaged film cooling effectiveness, while high blowing ratio is associated with the jet lift off
and a drastic decrease in film cooling effectiveness. When looking to Figure 1(b), with the
same parameters but with the additional anti vortex film cooling concept, one can see the
great enhancement in the lateral spreading of the cold jet. The surface wall is much more
protected and the level of effectiveness is higher. It is also found that this concept is more
useful in high blowing ratio than it is for lower one. When looking to Figure 2, the modified
cases (MC), the highest values of < η > are provided by M=1.0, which seems to be the
optimal case that greatly benefits from the anti-vortex concept.

(a)

(b)

Fig. 1 - Contours of wall film-cooling effectiveness distribution for the basic case
(BC) and the modified case (MC)
0,8

BC, M=0.5
BC, M=1.0
BC, M=2.0
MC, M=0.5
MC, M=1.0
MC, M=2.0

0,7
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0,6
0,5
0,4
0,3
0,2
0,1
0,0
0

5
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Fig. 2 - Lateral averaged adiabatic film cooling effectiveness for all cases
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ABSTRACT
This work presents a method for calculation of heat transfer between the combustion chamber
walls and the gases in the cylinder for the entire cycle of four-stroke spark ignition internal
combustion engines. This method is used in a computer program to model the thermodynamic
cycle of four-stroke spark ignition internal combustion engines. The method considers only
heat transfer by convection between the combustion chamber walls and the gases in the
cylinder. It considers the combustion chamber walls divided in five zones with different
surface temperatures and an instantaneous average temperature of the gases. The results of the
program are presented and the importance of heat transfer on engine performance is
discussed.
Keywords: heat transfer, four-stroke, spark ignition, internal combustion engine.
INTRODUCTION
Many methods have been proposed for the heat transfer calculation in four-stroke spark
ignition internal combustion engines. The most simple use time-averaged correlations for the
heat flux such and the most sophisticated use instantaneous local calculations of the heat flux
such as the method presented by (Esfahanian et al., 2006). The method presented here is used
in a zero dimensional thermodynamic model of a four-stroke spark ignition engine cycle
(Carvalheira, 2016). The method considers a correlation for instantaneous spatial averaged
convective heat transfer coefficient, it considers instantaneous average velocities inside the
cylinders according to the engine cycle phase, it considers the combustion chamber walls
divided in five zones with different surface temperatures and an instantaneous average
temperature of the gases in the cylinder. This method is a modification of the method
presented by (Annand, 1963) and intends to reduce some of its limitations.
HEAT TRANSFER

The heat transfer rate from the cylinder wall to the gases in the cylinder,  , is given by Eq. (1)
where ℎF is the convection heat transfer coefficient from the cylinder wall to the gases, )G is
the area of surface i in the cylinder wall, H is the average temperature of the gas inside the
cylinder and G is the temperature of the surface i in the cylinder wall. The subscript i is an
integer to identify a cylinder wall surface and changes from 1 to 5. 1 is for the cylinder head,
2 is for the intake valves, 3 is for the exhaust valves, 4 is for the lateral wall of the cylinder
and 5 is for the piston crown.
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The convective heat transfer coefficient is calculated from an equation of the type of Eq. (2)
where Nu is the Nusselt number, Re is the Reynolds number, Pr is the Prandtl, and c, m and n
are constants, as recommended by (Heywood, 1988).
Nu = 8 ReP Pr "

(2)

The equation used to calculate the convective heat transfer coefficient was derived from the
Eq. (3) proposed by (Annand, 1963) which is an equation of the type of Eq. (2). In Eq. (3) S
is the cylinder bore, T is the thermal conductivity of the gases in the cylinder, U is the density
of the gases in the cylinder, VX̅ is the average piston speed, Y is the viscosity of the gases in
the cylinder and 0 and Z are constants. The values used typically for the constants in
Annand’s law are 0.35 ≤ 0 ≤ 0.80 and Z = 0.70 where 0 depends on the intensity of charge
motion and engine design and increases with increasing intensity of charge motion
(Heywood, 1988).
UVX̅ S
ℎF S
\
]=0 ^
_
T
Y

`

(3)

The Prandtl number doesn’t change too much for the gases in the cylinder for the temperature
range typical of the gases in the cylinder of an internal combustion engine. Considering the
Prandtl number constant Eq. (3) is as an equation of the type of Eq. (2) if we consider that Eq.
(4) is valid.
0 = 8 Pr "

(4)

We made two changes to Annand’s correlation. The first change we made to Annand’s
correlation was to consider a different velocity for the definition of the Reynolds number in
Annand’s correlation. Instead of considering the average piston speed, VX̅ , we considered the
average velocity of the gas relative to the cylinder walls when both the intake valves and the
exhaust valves are closed and the piston displaces from top dead center (TDC) to bottom dead
center (BDC) or from BDC to TDC, H̅ . When the intake valves and exhaust valves are both
closed there is no outflow or inflow to the cylinder and the average velocity of the gas in the
cylinder relative to the cylinder wall is given by Eq. (5). Solving Eq. (5) for VX̅ we get Eq. (6).
Substituting the value of VX̅ given by Eq. (6) in Annand’s correlation, Eq. (3), we got the
Annand’s correlation given by Eq. (7) now expressed in terms of H̅ .
̅
H

1
= VX̅
2

VX̅ = 2 H̅

\

2U H̅ S `
ℎF S
]=0 \
]
T
Y
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The second change we made to Annand’s correlation was to substitute H̅ by the modulus of
the instantaneous average velocity of the gas in the cylinder relative to the cylinder walls, H .
By doing this we can calculate an instantaneous heat transfer coefficient between the gases in
the cylinder and the combustion chamber walls not only dependent on the instantaneous
values of the gas density, viscosity and thermal conductivity but also on the instantaneous
average velocity of the gas in the cylinder relative to the cylinder walls. By doing that
Annand’s correlation takes the form of Eq. (8).
`

2Ua H aS
ℎF S
\
]=0 ^
_
T
Y

(8)

Eq. (8) has two advantages relative to Eq. (3). The first advantage is that it allows the
calculation of the effect of the instantaneous average velocity of the gas in the cylinder
relative to the cylinder walls, caused by the instantaneous piston speed, on the instantaneous
heat transfer coefficient. The second advantage is that it allows the calculation of the effect of
the intake and exhaust flows on the average velocity of the gas relative to the cylinder walls
during the intake and exhaust processes and on the instantaneous heat transfer coefficient.
This advantage is particularly important for the calculation of the amount of air admitted in
the cylinder on each cycle and in consequence in the calculation of the volumetric efficiency
of naturally aspirated engines, due to the effect of heating of the charge by the combustion
chamber walls during the intake process. Eq. (8) has one important disadvantage relative to
Eq. (3). This disadvantage is that the convective heat transfer coefficient is equal to zero when
H = 0. This can happen when the piston in on top dead center (TDC) and the intake and
exhaust valves are both closed as it happens in the end of the compression stroke. To
overcome this disadvantage if the calculated value of H goes below a certain threshold value
we make H equal to this threshold value.
By convention the intake mass flow rate is positive if it is into the cylinder and is negative if it
is out of the cylinder. If the intake mass flow rate is positive the velocity of the gas inside the
cylinder due to the intake gas flow, HF,b," , is given by Eq. (9) where :b is the intake mass
flow rate, U is the density of the gas inside the cylinder, )b is the minimum flow area of one
intake valve, )F is the area of the cross section of the cylinder normal to the cylinder axis, 1cd
is the number of intake valves, )cd is the area of the intake valve head. )F is given by Eq. (10)
where S is the cylinder bore. )cd is given by Eq. (11) where ecd is the intake valve head
diameter. HF,b," is an average velocity of the gas inside the cylinder which is a weighted
average of the velocity of the gas in the intake valve throat, in the cylinder below the intake
valves and in the cylinder close to the piston crown.
HF,b,"

=

1 :b
:b
:b
\
+2
+
]
4 U)b
U )F − 1cd )cd  U)F
)F =

)bh =

f g
S
4

f
e g
4 bh
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If the intake mass flow rate is negative the velocity of the gas inside the cylinder due to the
intake gas flow, HF,b,ij , is given by Eq. (12) where :b is the intake mass flow rate, U is the
density of the gas inside the cylinder and )F is the area of the cross section of the cylinder
normal to the cylinder axis.
HF,b,ij

=

:b
U)F

(12)

By convention the exhaust mass flow rate is positive if it is into the cylinder and is negative if
it is out of the cylinder. If the exhaust mass flow rate is positive the velocity of the gas inside
the cylinder due to the exhaust gas flow, HF,k," , is given by Eq. (13) where :k is the exhaust
mass flow rate, U is the density of the gas inside the cylinder, )k is the minimum flow area of
one exhaust valve, )F is the area of the cross section of the cylinder normal to the cylinder
axis, 1ld is the number of exhaust valves, )ld is the area of the exhaust valve head. )F is
given by Eq. (10) where S is the cylinder bore. )ld is given by Eq. (14) where eld is the
exhaust valve head diameter. HF,k," is an average velocity of the gas inside the cylinder
which is a weighted average of the velocity of the gas in the exhaust valve throat, in the
cylinder below the exhaust valves and in the cylinder close to the piston crown.
HF,k,"

1 :k
:k
:k
= \
+2
+
]
U )F − 1ld )ld  U)F
4 U)k
)kh =

f
ekh g
4

(13)
(14)

If the exhaust mass flow rate is negative the velocity of the gas inside the cylinder due to the
exhaust gas flow, HF,k,ij , is given by Eq. (15) where :k is the exhaust mass flow rate, U is
the density of the gas inside the cylinder and )F is the area of the cross section of the cylinder
normal to the cylinder axis.
HF,k,ij

=

:k
U)F

(15)

If the axis of the cylinder intercepts and is normal to the axis of revolution of the crankshaft
the distance between the axis of revolution of the crankshaft and the axis of the piston pin, 9,
is given by Eq. (16) where 0 is the crank radius, m is the crank angle and ? is the connecting
rod length. The connecting rod length is the distance between the axis of the big end bearing
and the axis of the small end bearing of the connecting rod.
9 = 0 cos m + ? g − 0 sin mg $/g

(16)

The instantaneous piston speed, VX , is given by Eq. (17).
VX =

t9
t7

(17)

The value of H is given by Eq. (18). By convention H is positive when the velocity of the
gas is from the cylinder head to the crankshaft and is negative if it is from the crankshaft to
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the cylinder head. VX is positive when it is from the crankshaft to the cylinder head and is
negative when it is from the cylinder head to the crankshaft.
H

=

1
I
2

HF,b,"

+

HF,b,ij

+

H,Fi

=

HF,k,"

+

HF,k,ij

− VX J

(18)

+
Applying Eq. (18) H is equal to zero if HF,b," , HF,b,ij , HF,k," , HF,k,ij and VX are all equal
to zero as it happens when the piston is at TDC in the end of the compression stroke when all
intake valves and all exhaust valves are closed. By using Eq. (8) we get a zero convective heat
transfer coefficient. This is not realistic because the average speed of the gas relative to the
cylinder walls never gets zero in the cylinder. To solve this problem we consider a cut off
velocity H,Fi below which the H never goes below. The value chosen for the cut off velocity
is reasonable but arbitrary and is given by Eq. (19).
1
V̅
2 X

(19)

The velocity of the gas to enter in Eq. (8) to calculate the convective heat transfer coefficient
is given by Eq. (20).
If
H

H

=

>

H,Fi

H,Fi

then

H

$

= gI

HF,b,"

+

HF,b,ij

+

HF,k,"

+

HF,k,ij

− VX J else

(20)

The dynamic viscosity of the gases to be used in Eq. (8) was calculated using Eq. (21) for the
air-fuel mixture where T is in K (Heywood, 1988) and Eq. (22) for the combustion products
where v is the air-fuel mixture equivalence ratio (Heywood, 1988).
Ywxy Pa ∙ s = 3.3 × 10=| ×
Y` =

Ywxy
1 + 0.027v

}.|}

(21)
(22)

The viscosity of the mixture of gases in the cylinder, Y, composed of fresh air-fuel mixture
and combustion products was calculated using Eq. (23) where ~` is the molar fraction of
combustion products in the mixture.
Y = Ywxy 1 − ~`  + Y` ~`

(23)

The thermal conductivity of the unburned gases inside the cylinder, Tj , is given by Eq. (24)
where j is the coefficient of isentropic expansion of the mixture of unburned gases inside the
cylinder and is given by Eq. (25) where 8X,j is the mass specific heat at constant pressure of
the mixture of unburned gases inside the cylinder and 8,j is the mass specific heat at constant
volume of the mixture of unburned gases inside the cylinder. Yj is the dynamic viscosity of
the mixture of unburned gases and is considered equal to Ywxy as given by Eq. (21) at the
temperature of the mixture of unburned gases.
Tj =

9j − 5
Yj 8,j
4
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j =

8X,j
8,j

(25)

8X,j is given by Eq. (26) where 8̃X,j is the molar specific heat at constant pressure of the
mixture of unburned gases inside the cylinder and j is average molecular weight of the
mixture of unburned gases inside the cylinder.
8̃X,j
j

8X,j =

(26)

8̃X,j is given by Eq. (27) where ~,j is the mole fraction of component ! of the mixture of
unburned gases inside the cylinder and 8̃X, is the molar specific heat at constant pressure of
component ! of the mixture of unburned gases inside the cylinder.
"

8̃X,j =  ~,j 8̃X,
#$

(27)

j is given by Eq. (28) where ~,j is the mole fraction of component ! of the mixture of
unburned gases inside the cylinder and ,j is the molecular weight of component ! of the
mixture of unburned gases inside the cylinder.
"

j =  ~,j ,j
#$

(28)

8,j is given by Eq. (29) where 'j is the universal gas constant.
8̃X,j − 'j
j

(29)

9` − 5
Y` 8,`
4

(30)

8,j =

The thermal conductivity of the burned gases inside the cylinder, T` , is given by Eq. (30)
where ` is the coefficient of isentropic expansion of the mixture of burned gases inside the
cylinder and is given by Eq. (31) where 8X,` is the mass specific heat at constant pressure of
the mixture of burned gases inside the cylinder and 8,` is the mass specific heat at constant
volume of the mixture of burned gases inside the cylinder. Y` is the dynamic viscosity of the
mixture of burned gases inside the cylinder and is given by Eq. (22) at the temperature of the
mixture of burned gases inside the cylinder.
T` =

` =

8X,`
8,`

(31)

8X,` is given by Eq. (32) where 8̃X,` is the molar specific heat at constant pressure of the
mixture of burned gases inside the cylinder and ` is average molecular weight of the
mixture of burned gases inside the cylinder.
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8X,` =

8̃X,`
`

(32)

8̃X,` is given by Eq. (33) where ~,` is the mole fraction of component ! of the mixture of
burned gases inside the cylinder and 8̃X, is the molar specific heat at constant pressure of
component ! of the mixture of burned gases inside the cylinder.
"

8̃X,` =  ~,` 8̃X,

(33)

#$

` is given by Eq. (34) where ~,` is the mole fraction of component ! of the mixture of
burned gases inside the cylinder and ,` is the molecular weight of component ! of the
mixture of burned gases inside the cylinder.
"

` =  ~,` ,`

(34)

#$

8,` is given by Eq. (35) where 'j is the universal gas constant.
8,` =

8̃X,` − 'j
`

(35)

The thermal conductivity of the mixture gases in the cylinder, k, composed of fresh air-fuel
mixture and combustion products is calculated using Eq. (36) where ~` is the mole fraction of
combustion products in the mixture, Tj is the thermal conductivity of the unburned gases and
T` is the thermal conductivity of the burned gases.
T = Tj 1 − ~`  + T` ~`

(36)

The values of constants a and b used in Eq. (8) in this work are presented in Table 1.
Table 1 - Values of a and b used in Eq. (8) in this work.
a

b

0.64

0.70

AREAS OF SURFACES
The area of the intake valves )cd considered for heat transfer from cylinder walls to the gases
in the cylinder is given by Eq. (37) where 1cd is the number of intake valves and ecd is the
diameter of the head of each intake valve
f g
)cd = 1cd ecd
4
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The area of the exhaust valves )ld considered for heat transfer from cylinder walls to the
gases in the cylinder is given by Eq. (38) where 1ld is the number of exhaust valves and eld
is the diameter of the head of each exhaust valve,
f g
)ld = 1ld eld
4

(38)

f
)X = TX S g
4

(39)

The area of the piston crown )X considered for heat transfer from cylinder walls to the gases
in the cylinder is given by Eq. (39) where TX is the ratio of the area of the piston crown to the
cylinder cross section area normal to the cylinder axis and S is the cylinder bore,

The area of the cylinder head )F considered for heat transfer from cylinder walls to the gases
in the cylinder is given by Eq. (40) where TF is the ratio of the area of the cylinder head to
the cylinder cross section area normal to the cylinder axis and S is the cylinder bore,
)F = TF

f g
S
4

(40)

The area of the lateral wall of the cylinder )F  considered for heat transfer from the cylinder
walls to the gases in the cylinder is given by Eq. (41) where ? is the connecting rod length, a is
the crank radius and s is the distance between the piston pin axis and the crankshaft axis or
revolution as given by Eq. (16) and S is the cylinder bore.
)F



= fS ? + 0 − 9

(41)

RESULTS
Figure 1(a) presents the evolution of the predicted total heat flux from the combustion
chamber walls to the gas inside the cylinder with the crank angle during an engine cycle for a
Peugeot TU3JP-KFW engine at 5500 rpm and wide-open throttle (WOT). Figure 1(b)
presents the evolution of the predicted heat fluxes from the cylinder head, piston crown and
exhaust valve to the gas inside the cylinder with the crank angle during an engine cycle for a
Peugeot TU3JP-KFW engine at 5500 rpm and WOT.
In this method the convective heat transfer coefficient is assumed equal for all combustion
chamber wall surfaces at a given time instant but it changes with the crank angle. The surface
temperatures considered for the different combustion chamber wall surfaces are assumed
constant during one cycle. Table 2 presents the surface temperatures considered for the
different combustion chamber wall surfaces.
Table 2 - Surface temperatures considered for the different combustion chamber wall surfaces.
Wall

Cylinder
head

Piston
crown

Intake
valve

Exhaust
valve

Cylinder
liner

Temperature /K

413.15

523.15

523.15

923.15

383.15
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(a)

(b)

Fig. 1 - (a) Evolution of the predicted total heat flux from the cylinder walls to the gas inside the cylinder with
the crank angle, during an engine cycle, for a Peugeot TU3JP-KFW engine at 5500 rpm and WOT. (b) Evolution
of the predicted heat fluxes from the cylinder head, piston crown and exhaust valve to the gas inside the cylinder
with the crank angle, during an engine cycle, for a Peugeot TU3JP-KFW engine at 5500 rpm and WOT.

This study shows that the total heat flux from the combustion chamber walls to the gases in
the cylinder changes strongly with the crank angle and can be either positive or negative
depending on the crank angle. This study shows that there are differences between the heat
fluxes from the distinct zones of the combustion chamber walls considered in this model to
the gases in the cylinder at each crank angle. The only cause for the heat flux differences at
each crank angle between the different combustion chamber wall surfaces is the different
surface temperature of each of the different zones of the combustion chamber walls
considered.

(a)

(b)

Fig. 2 - (a) Evolution of the predicted convective heat transfer coefficient from the cylinder walls to the gas
inside the cylinder with the crank angle, during an engine cycle, for a Peugeot TU3JP-KFW engine at 5500 rpm
and WOT. (b) Evolution of the predicted thermal conductivity of the unburned gases, burned gases and mixture
of unburned and burned gases in the cylinder, for a Peugeot TU3JP-KFW engine at 5500 rpm and WOT.
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(a)

(b)

Fig. 3 - (a) Evolution of the mass specific heat of the unburned gases and of the mass specific heat of the burned
gases inside the cylinder with the crank angle, during an engine cycle, for a Peugeot TU3JP-KFW engine at 5500
rpm and WOT. (b) Evolution of the predicted dynamic viscosity of the unburned gases, burned gases and
mixture of unburned and burned gases in the cylinder, for a Peugeot TU3JP-KFW engine at 5500 rpm and WOT.

CONCLUSIONS
This study shows that the total heat flux from the combustion chamber walls to the gases in
the cylinder changes strongly with the crank angle and can be either positive or negative
depending on the crank angle. This study shows that there are differences between the heat
fluxes from the distinct zones of the combustion chamber walls considered in this model to
the gases in the cylinder at each crank angle. The only cause for the heat flux differences at
each crank angle between the different combustion chamber wall surfaces is the different
surface temperature of each of the different zones of the combustion chamber walls
considered.
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ABSTRACT
This work presents a method for the calculation of mass burning rate in the combustion
chamber of four-stroke spark ignition internal combustion engines. This method is used in a
computer program to model the thermodynamic cycle of four-stroke spark ignition internal
combustion engines. The method considers the effect of the fuel in the air-fuel-burned gas
unburned gas mixture, air-fuel-burned gas unburned gas mixture equivalence ratio,
temperature and pressure of the air-fuel-burned gas unburned gas mixture, burned gas mole
fraction in the unburned gas, turbulence in the unburned gas and geometry of the combustion
chamber. The results of the program for the laminar flame speed, turbulent flame speed and
mass burning rate in an engine cycle are presented for a four-stroke spark ignition internal
combustion engine.
Keywords: mass burning rate, flame speed, spark ignition, internal combustion engine.
INTRODUCTION
The mass burning rate of the unburned air-fuel-burned gas mixture inside the combustion
chamber of an engine is equal to the product of the density of the unburned gas by the flame
speed of the unburned gas by the surface area of the flame front. All these three quantities
change with time during the engine cycle. Here we present a method to calculate these three
quantities and consequently the mass burning rate at any time in the engine cycle during the
combustion process. The density of the unburned gas is calculated using the ideal gas law
from the temperature, pressure and molar mass of the unburned gas mixture. To calculate the
flame speed in an instant of time in the engine cycle during the combustion phase we start to
calculate the laminar flame speed of the air-fuel mixture for the fuel in the mixture, for the
equivalence ratio of the air-fuel mixture and for a reference temperature and a reference
pressure. Then we calculate the flame speed for the temperature and pressure of the unburned
air-fuel gas mixture. Afterwards we calculate the effect on the flame speed of the burned gas
mole fraction in the air-fuel-burned gas unburned gas mixture (Heywood, 1988). Following
we take into account the effect of turbulence to calculate the turbulent flame speed of the
unburned air-fuel- burned gas unburned gas mixture (Turns, 2012). At each instant of time we
calculate two turbulent flame speeds. The first is the turbulent flame speed when the flame
accelerates from laminar to fully developed turbulent flame speed. The second is the fully
developed turbulent flame speed. For each instant of time we consider as the turbulent flame
speed the lower of the two. The model is applied to model the combustion in one cylinder of a
Peugeot TU3JP-KFW engine. This engine is a four cylinder, multipoint port fuel injection,
with one intake valve, one exhaust valve and one spark plug per cylinder and satisfies the
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Euro IV emissions standard. This method is used in a computer program to model the
thermodynamic cycle of four-stroke spark ignition internal combustion engines (Carvalheira,
2016).
LAMINAR FLAME SPEED
The model presented here considers finite duration combustion. The laminar flame speed of
air-fuel mixtures for an initial reference temperature } and an initial reference pressure -} ,
V,} , is given by Eq. (1) (Heywood, 1988) as a function of the air-fuel mixture equivalence
ratio, v, where SP is the maximum laminar flame speed at reference temperature and
pressure, S is the quadratic coefficient for laminar flame speed at reference temperature and
pressure and vP is the air-fuel mixture equivalence ratio at maximum laminar flame speed at
reference temperature and pressure.
V,} = SP + S v − vP g

(1)

Table 1 presents the values of SP , S and vP used in this work which were obtained by a
least square fitting to the data for air-gasoline mixtures presented in Fig. 9.25 of (Heywood,
1988) for a reference temperature of 300 K and for a reference pressure of 101325 Pa.
Table 1 - Values of SP , S and vP for air-gasoline mixtures used in this work
 [m/s]
0.3561

 [m/s]
-1.415



1.13

The laminar flame speed of air-gasoline mixtures, V , for conditions of temperature and
pressure of the unburned mixture different from the reference values of 300 K and 101325 Pa
is given by Eq. (2) where j is the unburned air-fuel mixture temperature, - is the unburned
air-fuel mixture pressure,  and  are constants for a given fuel, equivalence ratio and burned
gas diluent fraction and are given respectively by Eq. (3) and Eq. (4) (Heywood, 1988).
- 
V = V,} \ ] \ ]
-}
}

(2)

 = 2.18 − 0.80 v − 1

(3)

 = −0.16 − 0.22 v − 1

(4)

j



The effect of the mole fraction of burned gas in the air-fuel-burned gas unburned gas mixture,
~`,j , in the laminar flame speed of air-gasoline mixtures is given by Eq. (5) (Heywood, 1988):
}.||
V I~`,j J = V I~`,j = 0JI1 − 2.06~`,j
J
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TURBULENT FLAME SPEED
In the early stages of the flame development the flame starts to be laminar and as the flame
develops the flame front begins to corrugate and gradually changes to the fully developed
turbulent regime. To calculate the flame speed during this transition period from laminar to
turbulent the following method was developed.

The turbulence intensity of the flow in the unburned air-fuel mixture, y
, is given by Eq. (6)
where / is the mean inlet gas speed given by Eq. (6), adapted from (Heywood, 1988), where
Uj is the density of the air-fuel-burned gas unburned gas mixture inside the cylinder and U is
the density of the unburned air-fuel-burned gas unburned gas mixture in the intake port.


y

Uj $/
= 0.056/ \ ]
U

(6)

The unburned gas mixture density inside the cylinder is given by the ideal gas law as
presented in Eq. (7) where -F is the pressure in the cylinder, 'j is the universal gas constant,
j is the molecular weight of the air-fuel-burned gas unburned gas mixture and j is the
temperature of the unburned gas mixture.
Uj =

-F j
'j j

(7)

The unburned gas mixture density in the intake port is given by the ideal gas law as presented
in Eq. (8) where - is the pressure in the intake port and  is the temperature of the unburned
gas mixture in the intake port.
U =

- j
'j 

(8)

The molecular weight of the air-fuel-burned gas unburned gas mixture j is given by Eq. (9)
where ~ is the mole fraction of the fuel, ~ is the mole fraction of Og , ~ is the mole
fraction of Ng , ~`,j is the mole fraction of burned gas in the air-fuel-burned gas unburned gas
mixture,  is the molecular weight of the fuel,  is the molecular weight of Og ,  is the
molecular weight of Ng and ` is the molecular weight of the burned gas mixture.
j = ~  + ~  +~  +~`,j `

(9)

The mean inlet gas speed, / , is given by Eq. (10) (Heywood, 1988) where  is the
volumetric efficiency, )F is the cross sectional area of the cylinder normal to the cylinder
axis, )cd is the maximum open area of the inlet valve and VX̅ is the mean piston speed.
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/ =  \

)F
] V̅
)cd X

(10)

The integral scale of turbulence in the unburned gas mixture inside the cylinder, ?} , is given
by Eq. (11), adapted from (Heywood, 1988), where *cd,w is the maximum lift of the intake
valve, U is the density of the air-fuel-burned gas unburned gas mixture in the intake port and
Uj is the density of the air-fuel-burned gas unburned gas mixture inside the cylinder.
U $/
?} = 0.80*cd,w \ ]
Uj

(11)

The Kolmogorov scale of turbulence is given by Eq. (12) (Heywood, 1988) where Re is the
integral scale turbulence Reynolds number and is given by Eq. (13) (Heywood, 1988) where 

is the kinematic viscosity of the air-fuel-burned gas unburned gas mixture and y
is the root
mean square of the fluctuating velocity also called turbulence intensity of the flow in the airfuel-burned gas unburned gas mixture.
=/¡

? = ?} Re
Re =


y ?}



(12)

(13)

To calculate the acceleration of the flame speed a variable 1 is defined for a certain time
instant 7 by Eq. (14) which is the number of Kolmogorov length scales the flame has travelled
since its ignition. In Eq. (14) 7¢c is the ignition timing instant, V ~`,j , 7 is the laminar flame
speed of the air-fuel-burned gas unburned mixture with burned gas mole fraction ~`,j at time
instant 7, ? 7 is the Kolmogorov length scale of the flow at time instant 7.
V ~`,j , 7
t7
? 7
¤¥

1 7 = £



(14)

The flame speed, V` , at a given time 7 when it is accelerating from laminar to fully developed
turbulent regime is given by Eq. (15) where T¦ is the constant of acceleration of the laminar
flame to turbulent flame. This constant is equal to the increase in the area of the laminar flame
front due to flame front corrugation when it travels a length equal to the Kolmogorov scale.
The value of T¦ considered is given by Eq. (16).
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V` 7 = 1 7 × T¦ × V ~`,j , 7
T¦ =

(15)

1
f
§1 + ¨ = 1.2854
2
2

(16)

The flame speed, V` , in fully developed turbulent regime is given by the Klimov equation, Eq
(17) (Turns, 2012), where the effect of turbulence in the turbulent flame speed, is taken into

account through y
.
}.|

7
V` 7 = V ~`,j , 7 × 3.5 ^
_
V ~`,j , 7

y

(17)

In each instant of time 7 after the ignition timing the flame speed is evaluated through Eq.
(15) and through Eq. (17). The value for the flame speed that is retained is the minimum value
between these two values as given by Eq. (18). Physically what happens is that in the early
stages of the flame development the flame starts to be laminar and as the flame develops the
flame front begins to corrugate and the flame speed increases until it reaches the value for
fully developed turbulent flame. In this phase the correct value for the flame speed is given by
Eq. (15). After the value for fully developed turbulent flame has been attained, Eq. (15) will
give a value for the flame speed that is larger than the value for the flame speed for fully
developed turbulent flame, what is physically unrealistic and in this phase the correct value
for the flame speed is given by Eq. (17).
V` 7 = min ª1

}.|

7
7 × T¦ × V ~`,j , 7, V ~`,j , 7 × 3.5 ^
_
V ~`,j , 7

y

«

(18)

MASS BURNING RATE

The mass burning rate is given by Eq. (19) where Uj is the unburned gas mixture density, V`
is the turbulent flame speed and )` is the spherical burning area which is the area of the
spherical surface within the combustion chamber which contains all the burned gases behind
it.
t:`
= Uj )` V`
t7

(19)

The spherical burning area is given by Eq. (20) where ` is the burned gas volume in the
combustion chamber and 4` is the burned gas radius which is the radius of the spherical
surface within the combustion chamber that contains all the burned gas behind it.
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)` =

¬`
¬4`

(20)

To determine this derivative a plot is made of the combustion chamber burned gas volume
when the piston is on Top Dead Venter (TDC), `,¢® , divided by the clearance volume, the
combustion chamber volume when the piston is on TDC, F , as a function of the ratio of the
burned gas radius, 4` , to the cylinder bore, S, for the combustion chamber of the engine and
where the centre of the burned gas spherical surface is in the point where the middle plane
between the spark plug electrodes intercepts the spark plug central electrode axis. The
measurements of `,¢® , for given values of 4` are made in a CAD 3D model of the
combustion chamber of the engine when the piston is on TDC. Then a polynomial of fourth
degree is fit to the data obtained for the combustion chamber burned gas volume divided by
the clearance volume as a function of the ratio of the burned gas radius to the cylinder bore.
The polynomial is presented in Eq. (21).
`,¢®
4` ¡
4` 
4` g
4` $
= 0¡ § ¨ + 0 § ¨ + 0g § ¨ + 0$ § ¨ + 0i
F
S
S
S
S

(21)

Since the piston is close to TDC during the combustion process we assume that the burned
gas volume fraction for a given burned gas radius during the combustion process is equal to
the burned gas volume fraction for the same burned gas radius when the piston is on TDC, as
expressed by Eq. (22).
` 4`
`,¢® 4`
§ ¨=
§ ¨
 S
F
S

(22)

In consequence, for a given burned gas radius, 4` , during the combustion process the burned
gas volume, ` , is given by Eq. (23) were  is the instantaneous cylinder volume.
` = 

`,¢® 4`
§ ¨
F
S

(23)

Once calculated ` for each 4` the spherical burning area of the flame front, )` , is calculated
by Eq. (20) where the derivative is calculated numerically.
Figure 1 presents the combustion chamber of Peugeot TU3JP-KFW engine at TDC. This
combustion chamber has one intake valve, one exhaust valve and one spark plug. Figure 2
presents the burned gas volume of the combustion chamber of Peugeot TU3JP-KFW engine
at TDC for a burned gas radius equal to 0.50 B. Figure 3. presents the plot of the combustion
chamber burned gas volume when the piston is on TDC, `,¢® , divided by the clearance
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volume, F , as a function of the ratio of the burned gas radius, 4` , to the cylinder bore, S, and
the polynomial fit for the combustion chamber of Peugeot TU3JP-KFW engine.

Fig. 1 - Combustion chamber of Peugeot TU3JP-KFW engine at TDC. This combustion chamber has one intake
valve, one exhaust valve and one spark plug.

Fig. 2 - Burned gas volume of the combustion chamber of Peugeot TU3JP-KFW engine at TDC for a burned gas
radius equal to 0.50 B.
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Fig. 3 - Combustion chamber burned gas volume when the piston is on TDC, `,¢® ,
divided by the clearance volume, F , as a function of the ratio of the burned gas radius, 4` ,
to the cylinder bore, S, for the combustion chamber of Peugeot TU3JP-KFW engine.

Table 2 presents the coefficients of the polynomial of Eq. (21) and 4` /Sw for the
combustion chamber of Peugeot TU3JP-KFW engine at TDC. In the first line are the values
obtained from polynomial fitting to the geometrical data of the combustion chamber. In the
second line are the values used in the simulation program. The values used in the simulation
program were chosen in such a way that `,¢® /F was between 0 and 1.0 from 4` /S = 0 to
4` /Sw . To avoid `,¢® /F to be negative when 4` /S = 0 or 4` /S is very small 0}
was made equal to zero. To avoid `,¢® /F to be larger than 1.0 4` /Sw was made equal
to 0.760.
Table 2 - Coefficients of the polynomial of Eq. (21) and 4` /Sw for the combustion chamber of Peugeot
TU3JP-KFW engine at TDC. In the first line are the values obtained from polynomial fitting to the geometrical
data of the combustion chamber. In the second line are the values used in the simulation program.
¯°

¯±

¯²

¯³

¯´

µ¶ /·¸¹
0.760

-8.1991E-1

2.2291E0

3.7095E0

1.4407E-1

-5.7229E-3

-8.1991E-1

2.2291E0

3.7095E0

1.4407E-1

0

0.800

The mean expansion speed of the burned gas, /` , is given by Eq. (24) (Heywood, 1988). This
speed is the instantaneous mean speed of the burned gas front relative to a referential fixed to
the engine combustion chamber. The volume fraction of the burned gases, C` , is given by Eq.
(25) where ` is the burned gas volume, j is the unburned gas volume and  is the cylinder
volume.
/` = V` \

Uj
1 − C`  + C` ]
U`
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C` =

`
`
=
 j + `

(25)

Because it is difficult to evaluate precisely the value of C` by Eq. (25) and because the
combustion process develops when the piston is close to TDC, for the evaluation of C` an
approximation is made and C` is calculated for a given 4` through Eq. (26) by using the
polynomial of Eq. (21).
C` =

` 4`
`,¢® 4`
§ ¨=
§ ¨
 S
F
S

(26)

The polynomial of Eq. (21) is valid for 4` < 4`,w where 4`,w is the maximum radius of the
burned gas for a given combustion chamber geometry. After 4` attaining 4`,w the maximum
possible value of ` has been attained and C` becomes equal to 1.0. The value of 4` for each
instant of time is given by Eq. (27) where TI is the ignition timing.


4` 7 = £ /` 7t7
¢c

(27)

RESULTS
Figures 4 and 5 present results for Peugeot TU3JP-KFW engine operating at 5500 rpm, at
wide open throttle (WOT), with maximum brake torque (MBT) ignition timing, with v = 1.0,
298.15 K ambient temperature, 99000 Pa ambient pressure and dry air.
Figure 4(a) presents the results of the evolution of the calculated spherical burning area with
crank angle. The spherical burning area presents a smooth evolution with the crank angle
between the ignition timing (TI) and the end of combustion. It increases from the TI until 343º
CA and then decreases until the end of the combustion process. Figure 4(b) presents the
results of the evolution of the density of the unburned gas and of the density of the burned gas
with crank angle. The density of the unburned gas presents a smooth evolution with the crank
angle between the ignition timing (TI) and the end of combustion. It increases from the TI
until 373º CA and then decreases until the end of the combustion process. The density of the
burned gas presents a smooth evolution with the crank angle between the ignition timing (TI)
and the end of combustion. It increases from the TI until 373º CA and then decreases until the
end of the combustion process.
Figure 5(a) presents the results of the evolution of the laminar flame speed, V ~`,j , of the
turbulent flame speed, V` , for the air-fuel-residual gas mixture and of the mean expansion
speed of the burned gas, /` , with the crank angle (CA). The laminar flame speed presents a
smooth evolution with the crank angle between the ignition timing (TI) and the end of
combustion. It increases from the TI until 352º CA and then decreases until the end of the
combustion process. For the evolution of the turbulent flame speed with crank angle we
observe two phases, one first phase, from 326º CA to 330º CA where the flame speed
increases very rapidly, which corresponds to the acceleration of the flame from laminar to
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fully developed turbulent and a second phase, where the flame speed increases more slowly
from 330º CA to 368º CA and then decreases slowly from 368º CA until the end of the
combustion process, which corresponds to the fully developed turbulent flame. For the
evolution of the mean expansion speed of the burned gas with crank angle we observe two
phases, one first phase where mean expansion speed of the burned gas increases very rapidly,
from 326º CA to 330º CA, which corresponds to the acceleration of the flame from laminar to
fully developed turbulent and a second phase where the mean expansion speed of the burned
gas initially increases slightly and then slowly decreases until end of the combustion process
which corresponds to the fully developed turbulent flame. Figure 5(b) presents the results of
the evolution of the mass burning rate with the crank angle. The mass burning rate increases
smoothly from 0 at TI to a maximum value at about 363º CA and then decreases to a finite
value at the end of the combustion process at about 379º CA. We conclude from these results
that the ratio of the turbulence intensity to the laminar flame speed, the temperature and
density of the unburned gas and the flame front area have the major influence on the mass
burning rate.

(a)

(b)

Fig. 4 - (a) Evolution of calculated spherical burning area with crank angle. (b) Evolution of the density of the
unburned gas and of the burned gas with crank angle. Results for Peugeot TU3JP-KFW engine operating at 5500
rpm, at WOT, with MBT ignition timing, with v = 1.0, 298.15 K ambient temperature, 99000 Pa ambient
pressure and dry air.

(a)

(b)

Fig. 5 - (a) Evolution of calculated laminar flame speed, turbulent flame speed and mean expansion speed of the
burned gas with crank angle. (b) Evolution of calculated mass burning rate with crank angle. Results for Peugeot
TU3JP-KFW engine operating at 5500 rpm, at WOT, with MBT ignition timing, with v = 1.0, 298.15 K
ambient temperature, 99000 Pa ambient pressure and dry air.
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Figure 6(a) presents experimental and simulation results obtained for Peugeot TU3JP-KFW
engine operating at wide open throttle in the engine rotational speed range 800-6400 rpm. The
experimental results were obtained by the Rototest Research Institute (Rototest Research
Institute, 2000) and were performed in a roller test bench in the tractive wheels of a Peugeot
208 equipped with this engine. The experimental results were corrected for temperature equal
to 298.15 K and 99000 Pa ambient pressure and dry air (ISO 1585 (5/82)). To obtain the
results in the engine an estimative was made of the transmission efficiency. The simulation
results were obtained with the simulation program with the engine operating with MBT
ignition timing, with v = 1.0, 298.15 K ambient temperature, 99000 Pa ambient pressure and
dry air. The agreement between the experimental and simulation results is good for 1500,
2000 and 5500 rpm. Between 2500 and 5000 rpm the brake torque and brake power obtained
by experimental measurement is larger than the obtained by simulation and the maximum
difference between the two is about 10 %. Between 6000 and 6400 rpm the brake torque and
brake power obtained by simulation is larger than the obtained by experimental measurement
and the maximum difference between the two is about 10 %.
Figure 6(b) presents experimental and simulation results for brake specific fuel consumption
(bsfc) as a function of brake medium effective pressure (bmep) obtained for Peugeot TU3JPKFW engine operating at part load at 3000 rpm engine rotational speed. The experimental
results were obtained by (Prieur and Tilagone, 2006) in an engine test bench. The simulation
results were obtained with the simulation program with the engine operating with MBT
ignition timing, with v = 1.0, 298.15 K ambient temperature, 99000 Pa ambient pressure and
dry air. For a given bmep the bsfc obtained by simulation is always larger than the obtained
by experimental measurement. The agreement between the simulation and experimental
results improves as bmep increases. In the 800-1040 kPa range the difference between the
simulation and experimental results is about 8 % and at 300 kPa is about 20 %.

(a)
(b)
Fig. 6 - Experimental results and simulation results obtained with the program for Peugeot TU3JP-KFW
operating with MBT ignition timing, with v = 1.0, 298.15 K ambient temperature, 99000 Pa ambient pressure
and dry air. (a) at wide open throttle operating in the range 800-6400 rpm. (b) at part load at 3000 rpm.

CONCLUSIONS
A method was presented for the calculation of mass burning rate in the combustion chamber
of four-stroke spark ignition internal combustion engines. This method takes into account the
effect on the mass burning rate of the fuel in the air-fuel-burned gas unburned gas mixture,
the equivalence ratio of the air-fuel-burned gas unburned gas mixture, the temperature and
pressure of the unburned gas mixture, the mole fraction of burned gas in the unburned gas
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mixture, the ratio of the turbulence intensity to the laminar flame speed, the density of the
unburned gas mixture and the evolution of the spherical burning area with the burned gas
radius.
The results of the program for the laminar flame speed, turbulent flame speed, mean
expansion speed of the burned gas and mass burning rate in an engine cycle were presented
for a four-stroke spark ignition internal combustion engine.
We conclude from this study that the ratio of the turbulence intensity to the laminar flame
speed, the temperature and density of the unburned gas and the spherical burning area have
the major influence on the mass burning rate.
This method was used in a computer program to model the thermodynamic cycle of a fourstroke spark ignition internal combustion engine. The results for torque and power at WOT of
the simulation program in the 800-6400 rpm engine rotational speed range were presented and
compared with experimental results available in the literature for Peugeot TU3JP-KFW
engine. The results for bsfc as a function of bmep of the simulation program at part load at
3000 rpm engine rotational speed were compared with experimental results available in the
literature for Peugeot TU3JP-KFW engine.
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ABSTRACT
In this work was studied the effect of a shrouded structure around a small wind turbine. The
objective was assessing the induced increment on their productivity, evaluating power
coefficient. Laboratory measurements showed that improvements were obtained on electrical
output, resulting in a maximum increase of 120 %. Measurements showed a power
augmentation by a factor about 1.5-2.3, compared with the rotor without the shroud. Where a
more pronounced augmentation is achieved at lower velocities. These increments attained,
comparatively with previous studies, are shown in the same order of magnitude. Whereas an
enhancement more pronounced relative to previous studies made for distinct shroud designs.
Numerical simulations implemented in ANSYS FLUENT, modelled the rotor performance
describing a non-similar trend on their respective power coefficients, comparatively with
those obtained in experimentally. CFD calculations were performed at flow (Re=25343) with
values of 6 and 14 m/s to the C-D device. CFD calculations performed an evaluation of the
velocity experienced in the action rotor zone, which provided maximum increase of these air
velocities of 81 % and 86 %, respectively.
Keywords: wind, CFD, ANSYS, experimental tests, fluid simulation.
INTRODUCTION
Day by day electricity becomes a decisive factor on the growth of economics and sustainable
development. Thus, synergies with best practices should be established for its production. To
be part of the solution, small wind turbines, must to accommodate increases in their energetic
performance. Therefore, in this work, improvements on the energy production of small wind
turbines were studied.
A mechanism to increase power output can be applied placing an annular lifting device
around the rotor. This device is known as a shroud or a diffuser of annular wing. The increase
in diffuser exit plane velocities combined with a reduction of static exit pressure and
consequently is obtained an enhanced of mass flow leading to a higher extraction of energy
potential. Furthermore, the suction effect is related to the lift of the airfoil and according to
the Kutta Joukowski theorem (Batchelor, 1968), related to the bound vorticity. The annular
airfoil generates a radial lift force creating a ring vortex, based on Bio-Savart law (Anderson
2001), that consequently will induce a higher velocity on the suction side. Furthermore, this
higher velocity enhances the mass flow through the rotor plane (Ten Hoopen, 2009).
In order to take advantage of mixing effects flanged applications on shroud plays an important
role. This flanged, also known as brim, collects and accelerates the approaching wind (Ohya
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et al., 2008). The flanged is placed at the exit plane of the shroud, such as in Figure 1, and
mimics the Guerney flap used in F1 racing cars (García-Abril, 2014).

Fig. 1 - Schematic system representation composed by a concentrator-diffuser (C-D) and a
wind turbine (WT), adapted from Ribeiro et al. (2013) and Ohya et al. (2008)

The flange is a structure ring-type plane with a variable height may affect the shroud
performance. (Ohya et al., 2008, Kosasih and Tondelli, 2012).
As can be seen from Figure 1, the flange induces a low-pressure region in the near wake of
the diffuser by vortex generation. Furthermore, more mass flow is drawn to the inside of
shroud (Ohya et al., 2008, Ohya and Karasudani, 2010, Takahashi et al., 2012). The flange
causes vortices formation, an enhancer in the pressure drop and, consequently, an increase the
air speed of the outlet. An increase the air velocity in the diffuser, is therefore, achieved
(Mansour and Meskinkhoda 2014).
Potential of ducted / diffuser wind turbines was acknowledged first by Betz (1929), as
reported by Ten Hoopen (2009). The idea of DAWT in a preliminary study were proposed
again by Lilley et al., (1956). The work from Lilley et al., (1956) the increase in axial velocity
and reduction of blade tip losses was described as been as the main factors to enhance the
power. A creation of a flow augmentation was also suggested where laying of a flap at
diffuser exit plane would raise the power increase.
Experimental studies performed by Igra (1981) shown that power enhancement of a shrouded
wind turbine is described as been as a direct consequence of the sub-atmospheric pressure
created around the rotor and at the exist plane of the diffuser. These sub-atmospheric
pressures generate one effect of suction that produces a higher mass flow. Also is depicted
that up to 80 % improvement in the shroud power augmentation can be obtained.
Bet and Grassmann (2003) developed a shrouded wind turbine with a wingprofile ring
structure. An increase in power output by the wing system of 2.0 was obtained, reproducing
an increment of 100 % relatively to conventional wind turbine. Additionally, Grassmann et al.
(2003) continue the work performing some experimental measurements using a nonoptimized wind turbine. The increase of power output in a factor of 55 % for high wind
speeds and 100 % at low wind speed was described. Moreover, based on CFD simulations at
5 m/s it was concluded that shroud it’s responsible for an increment in power output of 1.52
times higher than standard wind turbine.
A frustum-shaped diffuser was proposed by Matsushima et al. (2006) based on economic
standpoint and wind speed distribution. The effect of diffuser’s prototype shape has
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confirmed that the power output of the generator increased by up to 2.4 times compared to
that of a conventional turbine.
Wang et al., (2008) investigated convergent-divergent scoop effect on the power output
applying on small wind turbine. Results shown that the scoop increases the airflow speed and
enhance the power output 2.2 times relative to conventional wind turbines. These results also
indicate that electricity yield can be improved at lower wind speeds.
Ohya and Karasudani (2010) described a remarkable increment in the output power. This,
significant increase, is induced by the low-pressure region, that generates a zone of strong
vortex formation behind the broad brim that draws more airflow to the wind turbine inside the
diffuser. Conducting field experiments using a wind turbine prototype of 5 kW, where was
obtained an increase in power output of 2.5 times superior than bare wind turbines. Also wind
tunnel measurements were made, leading to increments in power coefficient range between
approximately 90 % and 140 %, reporting a significant enhance in the output power
coefficient approximately 1.9-2.4 times as large as a bare wind turbine.
Kosasih and Tondelli (2012) performed experimental studies of shrouded micro wind
turbines. Experimental measurements of coefficient performance shown an increase of 60 %
in addition of a simple conical diffuser, and 63 % with the addition of nozzle - conical
diffuser shroud compared to the performance standard small wind turbines. Moreover, it can
be stated that the work from Kosasih and Tondelli (2012) leads to an increment of 1.6 times
higher relative to that obtained with a conventional turbine. Furthermore, it’s described how
the diffuser length and brim height can affect the performance augmentation of micro wind
turbines.
Toshimitsu et al. (2008) performed flow velocity measurements with flanged diffuser by
Particle-Image-Velocimetry. Results have shown that turbine blades rotating effects suppress
the turbulence and the flow separation near the inner diffuser surface. At diffuser downstream
some vortices, was consistently found such as, one behind the flange acts suction effect on
wind to the diffuser, consequently raise the inlet flow velocity. Hence, diffuser device
enhances the wind power in 2.6 times relative to standard wind turbine.
Aranake et al. (2014, 2015) performed some numerical analysis of shrouded wind turbine
configurations, and a low ratio between shroud radius to shroud chord length of the diffuser is
desirable, this indicate that the benefit of introducing shroud to a wind turbine is more easily
to realize in small wind turbines, where this ratio is feasible. Likely verified in previous
works, the shroud can be used effectively at low cut-in speeds and offers improve on the
energy capture. Improvement in power extraction beyond the conventional turbine were
achieved, at U∞= 5 m/s is shown an improvement in power output by a factor of 1.93 and
3.39 for different shroud models relative to conventional wind turbines.
Main idea of Enhanced WT is enhance the productivity of urban wind turbines. Therefore,
enhanced is achieved by encapsulating the wind turbine, accelerating the air flow and thus
creating more electric energy.
Enhanced WT is composed by a convergent - diffuser and a wind turbine, as can be seen in
Figure 1. Also, at diffuser exit plane is accommodated a brim/flange, in order to exploit the
suction effect.
Associated with the project Enhanced WT some research activities have been developed. The
work from Ribeiro et al. (2013) shows the preliminary results of the alternative design of the
convergent-divergent. This annular structure was optimized in CFD simulations and wind
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tunnel measurements. Results shows that up to 124 % improvements in power output with CD can be obtained.
According with García-Abril (2014), numerical studies were performed for enhance the
performance, optimizing the diffuser outlet angle. Despite of several angle have been studied,
the 25º (without roughness) and 27º (with roughness) was considered those that enhance the
power. These models suggest an improvement of 3.6 % to 8.7 % relative to an initial model
(20º). As noted previously this study also concluded that the use of shrouded rotors induces a
suction effect due to a pressure gradient generated in outlet of C-D.
Associated with the development and investigation of the research project Enhanced WT was
created and tested a prototype. Presently, this project is in final prototype phase and soon preindustrial series will accommodate some progress.
METHODOLOGY
Experimental
Evaluations of the generated electricity were performed in subsonic wind tunnel for different
wind speeds. Application of wind turbines in urban setting are primarily characterized by the
operating at low wind speeds, as such, more importance was given to these speeds. The wind
turbine scaled model was tested in the wind tunnel for the following wind velocities: 6; 7; 8;
10; 12; 14; 16 m/s, ranged from 47143 < Re < 125714.
Corrections for a temperature value of 290:15 K and for an altitude of 600 m were made, in
short, density of air was, ρh = 1.1337 kg/m3.
Experimental tests were made in an Armfield Limited model C2 Subsonic Wind Tunnel, as
presented in Figure 2(a).
Physical dimensions of subsonic wind tunnel allow only to evaluate aerodynamically wind
turbine models with reduced dimensions. Electric circuit diagram presented in Figure 2(b)
was used in measurements of the electric power generated by wind turbine model.
It was applied a simple control algorithm, by ensuring a load variation. Throughout load
variation it was feasible to identify the highest point of electric power produced by the wind
turbine at each wind speed studied.

(b)

(a)

Fig. 2 - (a) Subsonic wind tunnel; (b) electrical circuit diagram used in experimental setup

In order, to enhance the electric performance of wind turbines, experiments in wind tunnel
with a system composed by an encapsulated wind turbine were done. Encapsulated wind
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turbine system is performed accommodating a C-D that surrounding the wind turbine, as can
be seen in Figure 3.

Fig. 3 - Representation of the scaled model implemented in experimental wind tunnel setup

It’s worth noticing, that the models present a scale factor of Lr = 8:33. Table 1 presents the
main design dimensions.
Table 1 - Main dimensions on the C-D model design
Part or Detail

Dimensions

C-D length

108 mm

Diameter at C-D center

108 mm

Brim/Flange size

10 mm

Concentrator angle (αi)

8º

Diffuser angle (α0)

16º

Numerical
For perform an CFD 3D model, the following steps were considered applied by (Lanzafame
et al., 2013): Reproduction of the models using 3D CAD files; Generation of computational
domain; Meshing of computational domain; Setting turbulence model; Defining the
specifications of FLUENT solver and Post Processing results.
Wind turbine performance for the various rotational speeds and air flow conditions were
studied using a 3D model that replicates the physical dimension of the aerodynamic model
tested at wind tunnel.
Nevertheless, CFD calculations were performed to evaluate the effects that C-D device
produces in air flow.
Wind turbine 3D CAD file was imported as parasolid form and an enclosure form was
generated to ensure the surrounding air. A cylindrical domain with a radius of 0.2 m was
created. Moreover, the distance of the rotor relative to the inlet and outlet of the domain, were
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taken into account. Therefore, following Figure 4 produce current distance of 3D and 12D
relative to the inlet and outlet boundary, was selected based on the work developed by
(Carcangiu, 2008, Gomis, 2011, Mo et al., 2013, Fleck, 2012).

Fig. 4 - Computational domain specifications, WT distance relative to velocity-inlet (B1)
and with pressure-outlet (B2)

Was generated a tetrahedral mesh of, approximately, 1.3 million elements. Figure 5(a) shown
the performed mesh.

(a)

(b)

Fig. 5 - Computational mesh generated for the analysis of rotor performance

Upon the mesh generation, the three-dimensional Navier-Stokes equations are solved using a
RANS approximation. A standard k - w model was used with the default options presented by
the model on the software package (Wilcox, 1994).
As stated previously, CFD calculations were conducted to analysis of effects that C-D device
generates in the air flow that surrounding the wind turbine. Therefore, C-D 3D CAD file was
imported as IGES file and were reproduced the domain dimensions applied as in the case of
wind turbine.
Subsequently, a tetrahedral mesh of approximately 2.8 million elements was produced. Figure
5(b) presents the performed mesh.
Turbulence modulation effects as previously a standard k - w model were used (Wilcox 1994).
In order, to increase the computing power a parallel processing was applied where 4 CPU
were used. A pressure-based solver with a transient formulation was applied with a density of
the air ρh = 1.1337 kg/m3.
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Regarding to the modulation of the rotational effects, on this work the moving reference
frame was implemented. To setup the frame motion model, the unit vectors and origin of the
rotation axis were imposed. The cell zone condition was set up by imposing the rotational
velocity in the absolute specification. Throughout, a tip speed ratio equal to λ = 2, were
considered the optimal values of angular speed rotor shown in Table 2.
Table 2 - Optimal angular speed that rotor generates
Wind speed [m/s]

Angular Speed [rad/s]

6

222

7

259

8

296

10

370

12

444

14

519

16

593

Wall motion of the wind turbine blades, describes a rotational motion relative to adjacent cell
zones. Hence, unit vectors and origin of the rotation axis were described again. The wall
boundary condition for the rotor had a zero relative speed with respect to adjacent cells.
Relatively, to the boundaries conditions of the wind turbine model, no slip condition
accounting for wall velocities were imposed.
Relatively to, the solutions methods in the pressure-velocity coupling SIMPLE scheme was
used. Spatial discretization methods used are presented in Table 3. Regarding of solutions
controls, the default values were used.
Table 3 - Methods applied in spatial discretization solutions
Spatial discretization
Gradient

Least Squares Cell Based

Pressure

Standard

Momentum

Second order upwind

Turbulent kinetic energy

Second order upwind

Specific dissipation rate

Second order upwind

The convergence criteria used for continuity was a absolute criteria of 10-4. Based on CFD
theory, and according with (Moshfeghi et al., 2012) this range is not sufficient, but for
HAWT cases, a better convergence is notoriously very hard to achieve.
RESULTS
Experimental
Experimental measurements were performed in wind tunnel, in order to evaluate the electric
performance of a wind turbine scaled model. In short, electric power values were obtained at
different values of prevailing wind.
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Following power coefficient theory an aerodynamic performance of wind turbine operation
can be performed. Thus, a study of extracted power by the turbine needs to be evaluated.
Therefore, Figure 6 summarizes the average results obtained in wind tunnel measurements of
extracted electric power by the wind turbine.

Fig. 6 - Experimental electric power generated by the aerodynamic model in
wind tunnel experiments

According to Ribeiro et al. (2013) due to inertia of the generator that aerodynamic own
model, it’s only possible to check production for values exceeding 5.68 m/s. Taking that into
account the extracted electric power was evaluated for an initial wind speed of 6 m/s. Figure 6
presents the electric power generated from wind speed of 6 to 16 m/s. These new data allow
to make a more comprehensive study, and it’s given a larger resolution in the zone where
lower wind speeds values are presented.
Power coefficient study shows a somewhat important on description of power performance of
wind turbines. Furthermore, regarding to values obtained in wind tunnels tests in Figure 7,
corresponding values of power coefficient, are presented.
Performance of the wind turbine was evaluated in terms of the relation between power
coefficient with wind speed values, describing a performance curve. According to
performance curve shown in Figure 7 a maximum power coefficient at approximately 12 m/s
is obtained.

Fig. 7 - Wind turbine power coefficient performance as function of different wind speed values
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In order to investigate the energy performance of adapted wind turbine with a concentrator diffuser, experimental tests in wind tunnel were done. As intend to conduct a confrontation of
the energy performance of the two analysed situations the same wind speeds conditions were
replicated. As in the previous situation, the electric power produced was evaluated with the
aim to determine the coefficient of performance.
Experimental trials make it possible to describe a complete behavior of the electric power
produced by wind turbine combined with C-D device. In this case, a significant growth
continues to be described in electric power values. Moreover, it’s becoming clear that the
behavior that C-D induces in electric power production of wind turbine is the enhancement of
productivity. Thus, a comparison of electric power generation in both conditions studied
becomes notorious an improvement behavior. Therefore, this comparison is described in
Figure 8.

Fig. 8 - Electric power values in function of wind speed, in the case of wind turbine and
wind turbine adapted with a convergent-diffuser

The main objective of C-D association is to generate significant improvements in production
output. As can be seen from Figure 8, this goal was achieved. In fact, adaptation of C-D can
produce an enhancement in electric power, caused by the concentration and acceleration of air
flow that surrounding wind turbine. C-D application can effectively produce increments in air
flow acceleration conclude in a somewhat enhancement in power output. Table 4 can support
the increment that implementation of C-D produces in production of wind turbine.
It’s worth noticing, as shown in Table 4, C-D device produces in wind tunnel experiments a
maximum increase of 127 % and an average increase of 89 %. Therefore, laboratory
measurements shown that is possible to attain increases in power output by a factor of 1:5 2:3 comparatively to a conventional small wind turbine. In short, the implementation of C-D
produces improvements in electric power for all wind speeds studied, nevertheless, is more
pronounced for lower wind speeds.
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As previously stated, power coefficient plays an important role on the evaluation of wind
turbine performance. Thus, in Figure 9 are presented the power coefficient performance as
function of different wind speed values, of the resultant experiments made to the wind turbine
and to the wind turbine combined with concentrator-diffuser.

Table 4 - Comparison of electric power production data in function of wind speed
values obtained for both situations
Wind speed [m/s]
6.00

7.00

8.00

10.00

12.00

14.00

16.00

WT (W)

0.11

0.22

0.36

0.75

1.32

1.99

2.71

WT + C - D (W)

0.25

0.44

0.69

1.41

2.36

2.91

-

Variation (%)

127

100

92

88

79

46

-

According to the performance curve presented in Figure 9, a performance widely superior is
described in the curve of wind turbine combined with C-D relative to wind turbine operation.

Fig. 9 - Evaluation of power coefficient performance performed to the wind turbine and
wind turbine combined with Concentrator-Diffuser in function of wind speed values

Additionally, with C-D implementation a maximum power coefficient is attained at lower
wind speeds values, describing at this case a maximum power coefficient at 10 m/s, relatively
to a maximum power coefficient achieved at 12 m/s. for the case of wind turbine operation.
These results help to highlight, that with the C-D implementation is possible to extract a
maximum power coefficient on the wind turbine production considering lower values of
approaching wind.
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Furthermore, C-D implementation induces increments in power coefficient performance for
all of the wind speeds values experienced. In spite of this, is verified that for lower wind
speed values a higher power coefficient value is achieved relative to higher wind speed
values. Therefore, these considerations help to evidence that C-D implementation in small
wind turbine enhance the wind turbine performance comparative to a conventional small wind
turbine. Additionally, at lower wind speed values a higher improvement at wind turbine
performance is verified. Furthermore, the Table 5 it’s possible to verify the coherence of these
affirmations.
Values presented in Table 5 describe an enhancement of the wind turbine performance, more
pronounced at lower wind speed values. Moreover, Table 5, shown a maximum increase of
120 % and an average increase of 90 %. In addition, convergent-divergent adaptation
produces power coefficient augmentation by a maximum factor of 2:2 relatives to the rotor
without the C-D structure.
Table 5 - Comparison of power coefficient data in function of wind speed values obtained for both situations
Wind speed [m/s]
6.00

7.00

8.00

10.00

12.00

14.00

16.00

WT (W)

0.10

0.12

0.13

0.14

0.15

0.14

0.13

WT + C - D (W)

0.22

0.25

0.26

0.27

0.26

0.20

-

Variation (%)

120

108

100

93

73

43

-

Thus, following the high potential for exploration that urban environment presents small wind
turbines associated with C-D devices can become effectively part of the solution for
production of electric energy.
Numerical
In attempt to evaluate the wind turbine performance through computational tools, CFD
calculations were implemented.
Calculations were performed with the main objective of extract the numeric torque that wind
turbine generates at different wind speed values.
One relation between computational time spent and mesh quality was considered. In spite of
this, the simulations were performed with a coarse mesh that in other words translates to a
mesh with a reduced number of elements.
Figure 10 shows the power coefficient performance relative to the experimental power
coefficient curve.
Through Figure 10 it can be stated that the behavior of experimental and numerical data
described are not similar. It also can be stated that, numerical curve does not show the usual
bell-shape form that, for example experimental curve presents.
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Fig. 10 - Power coefficient confrontation through experimental and numerical data in
function wind speed values

Although the magnitude of the values meets up considerably next to the values obtained
experimentally, it can be stated that the numerical methodology applied was not satisfactory
due to the fact that was not possible to obtain a performance curve close to the ones obtained
experimentally.
Nevertheless, CFD calculations were performed to the fluid flow that surrounding the C-D
device. Further, for flow velocity equal to 6 and 14 m/s were studied.
In Figure 11 is described the effects that C-D implementation produces in the surrounding air
flow, in regarding of 6 and 14 m/s, respectively.

(a)

(b)

Fig. 11 - Computational mesh generated for the analysis of rotor performance
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As presented in Figure 11, C-D generates a somewhat higher velocity values in the zone
where the wind turbine rotates.
Also, with a careful analysis is verified that in the C-D output are generated smaller vortices
that reduce the air flow velocity. Further, this turbulence generated can affect the suction
effect that enhances the mass-flow. The vortices generated do not produce significant
differences with the air flow velocity increase.
As C-D exploits the Venturi effect, streamlines shown in Figure 11 are produced to ensure
that the reduction of concentrator diameter generates higher velocity values in the wind
turbine active zone.
Moreover, C-D device produces at a wind of 6 m/s a maximum percentage increase of 81 %
and an average increase of 55 %. Relative to the case of 14 m/s one maximum increase of 86
% and an average increase of 60 % are described
CONCLUSION
In this work, were performed experimental and numerical simulations to an aerodynamic
model of a small wind turbine adapted with a Concentrator-Diffuser (CD). It was evaluated
the improvement that this device generates in wind turbine electric production, in terms of
power coefficient performance.
Experimental study was performed in a subsonic wind tunnel and at values of approaching
wind ranging of 6 to 14 m/s. With regards to numerical simulations, ANSYS FLUENT was
used and chosen to reproduce the rotor performance and confrontation attempted between the
generated values from experimental data.
Laboratory measurements on the wind turbine power performance were attained an
augmentation on the power production, by a factor of 1:5 - 2:3 comparatively to a
conventional small wind turbine. These factor obtained in this work, comparatively to
previous studies made for distinct shrouds design, are in the same order of magnitude,
presenting in some cases and enhancement more pronounced.
In terms of power coefficient performance, a maximum increase of 120 % and an average
improvement of 90 % were obtained. This augmentation is more noticeable at lower wind
speed values, therefore, the adaptation of one small wind turbine with a concentrator-diffuser
turns to be an important synergy. In addition, improvements in power production at zones
described by low cut-in speeds can be achieved, offering such benefits for one plausible
implementation in urban environments.
Relatively to numerical simulations, preliminary results were obtained. Preliminary data
describes a non-particular similarity with those obtained in experimental tests, were a nonbell-shaped curve was obtained in the performance of power coefficient. In spite of this, was
obtained numerical power coefficient values somewhat superior to those relative to
experimental trials. Therefore, improvements in numerical methodology must be applied to
reproduce correctly the performance curve described in experimental tests. Moreover, due to
these factors, numerical simulations to ensure the wind turbine performance adapting a C-D
were not performed. Despite of this, CFD calculations were performed at surrounding air
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values of 6 m/s and 14 m/s to C-D device. C-D design, at these air flow velocities concluded
in a maximum percentage increase of 81 % and an average increase of 55 %. Relative to the
case of 14 m/s one maximum increase of 86 % and an average increase of 60 % were attained.
Efforts in improving the aerodynamic performance of small wind turbines should be
encouraged, since the best practices must be implemented in the enhancement of the electrical
performance of small wind turbines.

ACKNOWLEDGMENTS
The authors gratefully acknowledge the funding by PORTUGAL2020: SI I&DT Individual Call 16/SI/2015 (Proj. nº 9703): “Automatização de Processos de Soldadura de Estruturas
Hiperestáticas em Ligas de Alumínio (APSEHAL)”.

REFERENCES
[1] Anderson, J. D. Fundamentals of Aerodynamics. 3rd edn, Edited by McGraw-Hill, 2001,
New-York.
[2] Aranake, A. C., Lakshminarayan, V. K., Duraisamy, K. Assessment of low-order theories
for analysis and design of shrouded wind turbines using CFD. Journal of Physics: Conference
Series, 2014, 524, pp. 1-10.
[3] Aranake, A. C., Lakshminarayan, V. K. and Duraisamy, K. Computational analysis of
shrouded wind turbine configurations using a 3-dimensional RANS solver. Renewable
Energy, 2015, 75, pp. 818-832.
[4] Batchelor, F. R. S. An introduction to fluid dynamics. Cambridge University Press, 1968.
[5] Bet, F. and Grassmann, H. Upgrading conventional wind turbines. Renewable Energy,
2003, 28, pp. 71 - 78.
[6] Betz, A. Energieumsetzungen in venturidusen. Naturwissenschaften, 192917, pp. 160 164.
[7] Carcangiu, C. E. CFD-RANS Study of Horizontal Axis Wind Turbines. PhD thesis, 2008,
Università degli Studi di Cagliari.
[8] Fleck, G. D. Simulação de grandes escalas para análise numérica da esteira aerodinâmica
da turbina eólica NREL UAE phase VI. Master’s thesis, 2012, Universidade Federal do Rio
Grande do Sul.

-1098-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

[9] García-Abril, H. J. L. Estudio y optimización de diseño de un concentrador-difusor para
un aerogenerador de baja potencia. Master’s thesis, 2014, Instituto Politécnico de Bragança.
[10] Gomis, L. L. Effect of diffuser augmented micro wind turbines features on device
performance. Master’s thesis, 2011, School of Mechanical, Materials and Mechatronics
Engineering, University of Wollongong.
[11] Grassmann, H., Bet, F., Cabras, G., Ceschia, M., Cobai, D., DelPapa, C. A partially
static turbine - first experimental results. Renewable Energy, 2003, 28, pp. 1779 - 1785.
[12] Igra, O. Research and development for shrouded wind turbines. Energy Conversion and
Management, 1981, 21, pp. 13 - 48.
[13] Kosasih, B. and Tondelli, A. Experimental study of shrouded micro-wind turbine.
Procedia Engineering, 2012, 49, pp. 92 - 98.
[14] Lanzafame, R., Mauro, S. and Messina, M. Wind turbine CFD modelling using a
correlation-based transitional model. Renewable Energy, 2013, 52, pp. 31 - 39.
[15] Lilley, G. M., Rainbird, W. J. and Association, E. R. A Preliminary Report on the
Design and Performance of Ducted Windmills. CoA report aero, 1956, College of
Aeronautics.
[16] Mansour, K. and Meskinkhoda, P. Computational analysis of flow fields around flanged
diffusers. Journal of Wind Engineering and Industrial Aerodynamics, 2014, 124, pp. 109 120.
[17] Matsushima, T., Takagi, S. and Muroyama Characteristics of a highly efficient propeller
type small wind turbine with a diffuser. Renewable Energy, 2006, 31, pp. 1343 - 1354.
[18] Mo, J. O., Choudhry, A., Arjomandi, M. and Lee, Y. Large eddy simulation of the wind
turbine wake characteristics in the numerical wind tunnel model. Journal of Wind
Engineering and Industrial Aerodynamics, 2013, 112, pp. 11 - 24.
[19] Moshfeghi, M., Song, Y. J. and Xie, Y. H. Effects of near-wall grid spacing on SST-KW model using NREL phase VI horizontal axis wind turbine. Journal of Wind Engineering
and Industrial Aerodynamics, 2012, 107-108, pp. 94 -105.
[20] Ohya, Y. and Karasudani, T. A shrouded wind turbine generating high output power
with wind-lens technology. Energies, 2010, 3, pp. 634 - 649.
[21] Ohya, Y., Karasudani, T., Sakurai, A., Abe, K. and Inoue, M. Development of a
shrouded wind turbine with a flanged diffuser. Journal of Wind Engineering and Industrial
Aerodynamics, 2008, 96, pp. 524 - 539.
[22] Ribeiro, L. M. F., Paulo, J. A. R. and Garcia, V. Convergent-diffuser for small
horizontal wind turbines. In: AWEA - Windpower conference e exhibition, 2013, Chicago.
[23] Takahashi, S., Hata, Y., Ohya, Y., Karasudani, T. and Uchida, T. Behavior of the blade
tip vortices of a wind turbine equipped with a brimmed-diffuser shroud. Energies, 2012, 5, pp.
5229 - 5242.
-1099-

Symp-08: Sustainable Energy Systems

[24] Ten Hoopen, P. D. C. An experimental and computational investigation of a diffuser
augmented wind turbine, Master’s thesis, 2009, Delft University of Technology.
[25] Toshimitsu, K., Nishikawa, K., Haruki, W., Oono, S., Takao, M. and Ohya, Y. PIV
measurements of flows around the wind turbines with a flanged-diffuser shroud. Journal of
Thermal Science, 2008, 17, pp. 375 - 380.
[26] Wang, F., Bai, L., Fletcher, J., Whiteford, J. and Cullen, D. (), ‘The methodology for
aerodynamic study on a small domestic wind turbine with scoop’, Journal of Wind
Engineering and Industrial Aerodynamics, 2008, 96, pp. 1 - 24.
[27] Wilcox, D. C. Turbulence Modeling for CFD. second edn, DCW Industries, La Canada,
1994, California.

-1100-

Proceedings IRF2018
6th International Conference on Integrity-Reliability-Failure
Lisbon/Portugal, 22-26 July 2018

SYMPOSIUM - 9
Optimization and Uncertainty Quantification
(*)

(*)

Carlos C. Antonio , Catarina F. Castro
LAETA / INEGI, Faculty of Engineering, University of Porto,
Porto, Portugal

(*)

Associate Editor for the papers in this Symposium

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7069

UNCERTAINTY QUANTIFICATION USING A NEW NON INTRUSIVE
STOCHASTIC APPROACH: APPLICATION TO THE ESTABLISHMENT
OF INUNDATION MAPS DUE TO DAM BREAK FLOWS
Azzedine Abdedou, Azzeddine Soulaimani(*)
Department of Mechanical Engineering, Ecole de Technologie Supérieure, Montreal, Canada
(*)
Email: azzeddine.Soulaimani@etsmtl.ca

ABSTRACT
This work deals with uncertainty propagation analysis using B-splines Basis Functions
Expansion (BSBF) combined with an element-based sampling approach. The coefficients of
the approximation on this basis are obtained through a regression technique. The convergence
of the method with respect to the computational effort is investigated and compared to the
classical Point collocation polynomial chaos expansion (Pcol) and the Monte Carlo (MC)
methods. The propagation of input parameters uncertainties through the shallow-water
equations hydraulic model is studied with the proposed approach. Several numerical tests
related to dam break flows are established with the goal of obtaining the inundations maps
with their associated uncertainties.
Keywords: uncertainty quantification, B-splines basis functions, dam break.
INTRODUCTION
The increase of computational power has contributed to the development of advanced
numerical models in several fields of engineering sciences. The numerical results and
designed products derived from these models are subjected to numerous uncertainties that
must be taken into account. Uncertainty quantification (UQ) analysis is considerably
widespread these last decades as an attracting research area owing to its various engineering
applications such as structural design, aerospace engineering, nuclear safety analysis, thermal
engineering and hydraulic-environmental studies. The sampling methods (Monte Carlo,
LHS...) are among the most common and straightforward methods for uncertainty
propagation. The computational cost of these methods becomes, very often, prohibitive.
As an alternative, the non-intrusive polynomial chaos expansion which belongs to the
stochastic expansion methods is widely used to quantify uncertainties propagation in
numerical models (Ghanem, 1991). The coefficients of the expansion are evaluated either
with projection technique by using the quadrature approach (Hosder, 2010) or regression
technique by solving an oversized linear system of equations by using least square method
(Blatman, 2010). In this paper, a new non-intrusive regressive stochastic method is proposed
where the expansion is defined on the cumulative probabilities domain which is decomposed
into elements (called Bézier elements) and where the B-splines functions (with arbitrary order
of interpolation) are used as polynomial interpolations. Also, the sampling of the input
parameters is established locally in the Bezier-elements. The use of such interpolations allows
obtaining efficiently smooth statistics of the outputs (mean and variance) in the case of
discontinuous wave flows (Cottrell, 2009). The multi-element aspect of the method and the
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compact support feature of the BSBF are explored to increase the efficiency of the sampling
procedure and the smoothness of the approximation.
RESULTS AND CONCLUSIONS
The performance of the proposed method is assessed first by considering a benchmark test
where an analytical function output is known  f ( X 1 , X 2 ) = e1.5( X1 + X 2 )  as a deterministic

model with two input uncertain parameters ( X 1 , X 2 ) following a uniform distribution with a
given values of the mean and standard deviation (Hosder, 2007). The evolution of the relative
error with the number of samples of the statistical moments (mean and standard deviation) of
the output response, which is evaluated in comparison with the exact solution, is shown in
Figure 1.

Fig. 1 - Relative error of the mean and the standard deviation (Std) obtained with BSBF,
Pcol and MC methods.

It is observed that by increasing the number of samples, the BSBF technique presents a better
convergence rate compared to the Point collocation expansion and the Monte Carlo methods.
The effect of the polynomial order (p in the figure) of the base functions on the convergence
rate can also be analyzed by examining Figure 1. The increase of the polynomial order leads
to a significant improvement of the convergence rate of the BSBF expansion compared to the
point collocation method. To further illustrate the performance of the proposed method, the
computational efficiency of the BSBF technique is evaluated on a more realistic case,
consisting of a dam break flow on a real river subjected to various uncertain input parameters.
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ABSTRACT
This paper introduces the first attempts to develop a simplified method called ESM (Effective
Sensitivity Method) to help managing the seismic assessment of uncertain structural systems.
The G-function describing the capacity of structural systems is often available only through
numerical models. Here, the case of masonry building clusters (MBC) is studied, for which an
ad-hoc analytical procedure (Monti and Vailati, 2009; Vailati et al. 2015) is used to describe
the response. The confidence is estimated with a first order sensitivity analysis, assuming that
the design point is at the mean values of the basic variables and that their estimates are
independent. The proposed analytical procedure allows to quantify the confidence in the
outcome of the probabilistic assessments of a structural system by calibrating a coefficient α,
used to attain specified fractiles of the output variable of interest. The practitioners are given
appropriate values of α under table form, depending to the characteristics of the building.
Keywords: seismic capacity, uncertainties, simplified procedure, variance of structural
response, reliability methods, masonry building clusters, aggregates.
INTRODUCTION
The structural response is a function of a series of basic variables X affected by uncertainties.
The numerical model consists of N random variables X= (…Xi…), with X= N (µx; σ2x). The
basic variables X relevant to the analysis of structural systems, concern the geometry
(dimensions of structural elements, constraint ends), materials (compressive and shear
strength, elastic tangential and longitudinal modulus) and the design details (connection
between structural elements, connection between slabs and structural elements). It is assumed
that the basic variables X are random and uncertain and are moldable under probability
theory. The capacity of the structural system is measured with the scalar quantity Y, being a
function of the basic uncertain parameters X, is itself affected by uncertainties. Denoting by
G(·) such function of capacity, we have that the generic realization y of Y is expressed as:
Y = G( X )

The function Y, that it's right to be bias free, is not generally expressed in analytical form,
then the calculation of y is performed through numerical analysis on a basic model. The
estimate of variance is performing with sensitivity analysis of the first order. The average
value of function Y is:
µ y = G(µx )

and the exact calculation of the variance of function Y is given as:
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2

 ∂G  2
 σ xi
i =1  ∂X i 
n

σ 2 y = ∑

Since the G model is numeric, the estimate of the variance of structural system is not easy and
fast. A simplified and approximate way to evaluate the confidence of the system can be
expressed as follow:
G ( µ x ± σ x ) = Yinf
Solving for y the above equation, we obtain the expression of α, the parameter that gives the
relationship between the lower fractile and average value of function Y:
α=

G ( µx ) − G ( µx ± σ x )
2

 ∂G 
∑  ∂X  ⋅ σ xi 2
 i µ x

RESULTS AND CONCLUSIONS
The proposed analytical procedure allows to carry out the confidence in the outcome of the
probabilistic assessments of a structural system using the coefficient α as multiplier of
standard deviation of a function Y. Its value can be defined respect to the order of the function
Y and given to the technicians under table form.
Then, it will be possible to define α respect more percentages of confidence levels, in case a
specific range is assigned as goal (the eurocodes are an example).
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ABSTRACT
A new methodology to solve the Reliability Index Approach (RIA) minimization problem
with high levels of accuracy and still with practical efficiency is presented. This method is
based on the exclusive use of genetic algorithms with elitist strategy, to make possible to find
the global Most Probable Failure Point, in the uncertainty space. To overcome the
computational costs inherent to these class of algorithms, the RIA minimization problem is
reformulated and a new heuristic is proposed. The method is then applied to the Reliabilitybased Robust Design Optimization problem of composite structures, where minimum weight
and maximum system robustness are objectives and the target reliability index is a constraint.
Keywords: uncertainty, robustness, reliability, RBRDO, optimization, composites.

INTRODUCTION
Reliability assessment is a fundamental step to be taken over optimized structural solutions,
because optimization itself usually evolves in the opposite direction of safety. In the industry,
many of the sought objectives are related with cost reduction, which will often imply a
reduction in structural strength. Therefore, constraining the design optimization of structures
to meet certain levels of safety is a common procedure. However, reliability assessment is an
expensive task to be executed with precision and is often overlooked. Most of the solutions
found in the literature are based in the so called Reliability Index Approach (RIA) (Melchers,
1999). This method is based on the concepts of reliability index, , and Most Probable
Failure Point (MPP) and is formulated as a minimization problem. To solve it, many
heuristics are based on gradient and local methods, which can only guarantee to find local
MPP solutions and will overestimate the actual reliability level of the structure (Valdebenito,
2010).
On this paper, a new methodology to solve the RIA problem with high levels of accuracy and
still with practical efficiency is presented. This method is based on the exclusive use of
genetic algorithms (GA) with elitist strategy, to make possible to find the global MPP, in the
uncertainty space. To overcome the computational costs inherent to these class of algorithms,
the RIA minimization problem was reformulated and a new heuristic was developed. The
method is then applied to the Reliability-based Robust Design Optimization (RBRDO)
problem of composite structures, where minimum weight and maximum system robustness
are objectives and the target reliability index is a constraint.
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RBRDO OF COMPOSITE STRUCTURES BASED ON THE RIA
With the RIA, the reliability constraints are written in terms of β. During the optimization
process, it is required the computation of β, for each updated design. Each reliability
constraint is matched with a target reliability index,  . To obtain β by the RIA, the
following optimization problem is solved:
 = min ‖ ‖

subject to  ,  = 0

(1)

where  ,  = 1,2 is the limit-state function of critical displacements and stresses,
respectively. On this paper, reliability assessment is only evaluated for the stresses. ~N0,1
is the set of uncertainty variables and  the set of design variables. The solution of this
problem ∗ !" is called the MPP. The reliability index is its norm with respect to the origin of
the standard random space and is compared with the target value  . Thus, in the outer
design optimization cycle, each reliability constrain is written as  −  ≥ 0.

In this work it is considered the RBRDO problem to the design of a composite structure,
which may represent a component of a larger assembly. The reliability constraint is solved by
the RIA. As mentioned, to achieve both an affordable computational time and precision to
find the global MPP, with GA, a new heuristic is proposed to solve the RIA. The RBRDO
problem is written as:
min

subject to

&,  = 'E)*, +; Var) , +0
34
−1 ≤0
3
67 ,  ≡  −  ≥ 0
89: ≤ 89 ≤ 89;

1 ,  ≡

< = 1, … , >

(2)

where *,  is the weight of the composite structure. In the above formulation the
variability of the weight is neglected and only the feasibility robustness is considered. Here,
E)*, + is the expected value of the structural weight and Var) , + corresponds to
the determinant of the Variance-Covariance matrix of both deterministic limit-state functions
1 and 7 (António and Hoffbauer, 2016). Also, note that in eq. (2), 7 transformed into 67 ,
the probabilistic stress limit-state function. Thus, 7 is only implicitly considered in the
reliability constraint.
The results obtained from the application of the proposed approach to composite structures
show that the developed RBRDO model is appropriated to consider uncertainty in the
structural parameters and that the new heuristic for reliability assessment produces optimal
results with and efficient computational costs.
APPLICATION
The optimization process of the proposed RBRDO problem comprises two nested
optimization cycles: an exterior cycle of Robust Design Optimization (RDO) complemented
with an inner cycle for the reliability assessment. To solve the RDO problem, a previously
developed algorithm, suited for this class of problems, is implemented, named the
MOGA_2D (António and Hoffbauer, 2016). The solution of the RIA inner cycle is obtained
by an improved micro-Genetic Algorithm, appropriate to tackle the difficult reliability
assessment problem, here named as mGA_RIA. Both algorithms are discussed below.
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The MOGA_2D algorithm
The MOGA_2D is a dominance-based multi-objective Genetic Algorithm that searches the
design space with the purpose to discover and store Pareto-optimal solutions. The
evolutionary procedure is developed in two parallel populations: namely short population
(SP) and enlarged population (EP). The first one is developed in a local sense and is used to
find local Pareto-optimal solutions. These solutions are then stored in the EP and ranked
according to a global criterion of dominance, defining at the end of the evolutionary process
the set of global Pareto-optimal solutions.
The ranking procedures of both populations are based on the concept of constraineddominance (Deb, 2001). With this concept it is possible to compare and create a measure of
fitness for solutions of multiple objectives and constraints. At SP, it is fundamental for the so
called fitness assignment procedure (local dominance). Now, the fitness measure of the
solutions no longer depends only on the absolute value of a fitness function, but also on the
concept of dominance. Individual fitness is now called shared fitness and is calculated
according to the niche occupied by the solution and the number of individuals with the same
level of dominance in its neighborhood. As one sees, although the elitist strategy adopted in
SP is based on fitness, it is also based on dominance, implicitly. Solutions that are not
dominated by other solutions are said to be of rank 1. These solutions are then sent to the EP,
where their global dominance status is measured, directly by the concept of constraineddominance. Global rank 1 solutions, at the end of the evolutionary process, will defined the
Pareto-optimal front. Four genetic operators are executed, namely, implicit mutation,
crossover, similarity control and selection.
The mGA_RIA algorithm
On these section the term “solution” refers to the solutions found during the reliability
assessment inner cycle and “design solution” refers to the solutions found in the outer RDO
cycle.
The mGA_RIA is here classified as a micro-genetic algorithm, since it is developed with a
small population and a small number of genes per variable. It is applied to each design
solution with the purpose of evaluating the corresponding reliability level, measured in the
uncertainty space. While the algorithm itself is built over the traditional genetic operators,
new heuristics had to be developed and incorporated in the evolutionary process to tackle the
difficulties inherent to the RIA problem, defined in eq. (1).
The goal is to find the point on the limit-state function, which has the minimum distance to
the origin of the standard-normal uncertainty space. The first setback, when dealing with
structural optimization, is the fact that the limit-state function is not known explicitly (only
through model evaluation) and so it is impossible to know the relative positon of the origin in
relation to the limit-state function. Also, genetic algorithms per se are not capable of verifying
equality constraints. The combination of both these difficulties makes the RIA problem very
difficult to handle.
To overcome these challenges, the following developments were introduced. Given the scope
of structural optimization under probabilistic integrity constraints, it is known a posteriori
that the limit-state function has the shape of a (hyper) ellipsoid and only its size and position
in the uncertainty space are unknown. That said, and given the affinity between the ellipsoid
and the sphere, the vector of uncertainty variables is decomposed in directional and
magnitude components, being the random variables considered in the search process of the
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mGA_RIA the ? direction cosines, @, plus the norm of the vector, , on a total of ? + 1
variables. Now, to find the MPP two heuristics are applied to make the search process more
efficient and controlled. First, to make sure the equality constraint is verified, an operator to
correct the magnitude of each solution is introduced. This heuristic will increase, or decrease,
the value of  of each solution, in an iterative fashion, while keeping the direction constant,
until the equality constraint 7 |@,  = 0 is verified. The magnitude of the increments is
defined by means of an exponential function, asymptotically tending to zero when the
equality constraint is verified. The second heuristic applied gives both the ability to increase
the resolution of the GA and to focus the search process on a preferential zone of the
uncertainty space. At the first stages of the search procedure, the population is freely
distributed through all the domain. However, and given the huge size of the search space
compared to the value CDD , it is not of practical interest to keep searching on directions one
already knows are not pointing towards the MPP. Therefore, after the elite of the population
finds points on the limit-state function that are “close enough”, the search space is reduced to
the (hyper) volume defined by the elite, the elite solutions are recoded in the new space and
the rest of the population is randomly generated. This process, is then repeated after a predetermined number of generations, to define a new search space around the new elite, while a
minimum level of diversity in the population is preserved, after which there are no advantages
in defining a new search space. Here, “close enough” means that the value  of the solutions
of the elite is under a certain value that is accepted to be a coarse estimate of CDD . That
means the mGA_RIA will need some information of the problem. A prior estimation of the
actual reliability index is calculated by (António 1995)
H
 =G
G
E

V
U
7U
L7
I ∑R
S1 K LM NOP Q

F
T|W
7



(3)

where, NOP is the standard deviation of random variable M . Every time this operator is run two
phenomena might occur: the search space is reduced and/or translated. This happens because
the reduced space must have a prescribed minimum size and will be centered around a new
elite. The described heuristic also has the advantage of allowing the GA to start with a coarse
resolution, evaluating the uncertainty space at a large scale and then to refine its search,
augmenting the resolution. Because of this, low numbers of solutions in the population and
genes per variable are enough to find the MPP.
RESULTS
A clamped cylindrical shell laminated structure is considered as show in Figure 1. Nine
vertical loads of mean value P_k=11.5 KN 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 laminates’ distribution is as shown also in Figure 1. The balanced angle-ply laminates
with five layers and with the stacking sequence X+Y/ −Y/ 0/−Y/+Y[ are considered in a
symmetric construction. Ply angle Y is a design variable and is referenced to the 8-axis of the
reference axis. The design variable ℎ denotes the laminate thickness and four laminates are
-1110-
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considered. A composite material built with the carbon/epoxy system denoted T300/N5208
(Tsai, 1987) is used in the presented analysis. This is a unidirectional composite of long
carbon fibers aggregated in an epoxy matrix. 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. The elastic constants of the orthotropic ply are the longitudinal elastic
modulus ]1 , the transversal elastic modulus ]7 , the in-plane shear modulus 17 and the inplain Poisson’s ration ^17 . The ply strength properties are the longitudinal tensile strength _,
the longitudinal compression strength _ ` , the transversal tensile strength a and the transversal
compression strength a′ and the shear strength c. In the RBRDO procedure, the allowable
value 3 of the constraint of displacement is 3 = 8.0 f 10g7 X>[ and  = 3.

Fig. 1 - Geometric definition of the cylindrical shell structure and composite laminates distribution

Table 1 - Mean values of mechanical properties of composite layers

T300/N5208

ij klm
181.00

in klm
10.30

kjn klm

T300/N5208

1500; 1500

40; 246

68

Material

_; _′

a; a′

c pqY
7.17

ojn

r s6/>t 
0.28

1600

The values of the standard deviations, NOP , are considered to 6% of the mean values of the
uncertainty variables. Results are shown in the next figures: the Pareto-optimal front and the
of both distribution of the reliability index and critical Tsai number are displayed. To
highlight the effects of the RIA over the design optimization, the same structure was also
optimized by two alternative approaches: RBRDO with reliability assessment executed by the
Performance Measure Approach (PMA), which is mathematically defined as the inverse
problem of the RIA; and only RDO, without reliability assessment. These developments can
be found in the following references (das Neves Carneiro and António, 2017) and (António
and Hoffbauer, 2016), respectively. Figure 2 shows the Pareto-optimal fronts, obtained by the
three methods. It is seen that optimal solutions have similar distributions on the solution
space, albeit the reliability constraint is responsible to make the solutions slightly heavier,
when the system variance increases.
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Fig. 2 - Pareto-optimal fronts obtained with RBRDO (RIA), RBRDO (PMA) and RDO

Figure 3 shows the distribution of the critical Tsai numbers, for the three cases. While the
Pareto fronts are similar, these distributions expose the differences between the optimization
processes. For RDO, it is seen that the critical Tsai numbers decrease consistently almost until
the value 1.00, which is only acceptable from a deterministic point-of-view. With both the
RIA and the PMA, the reliability constraint appears to inhibit solutions to have critical Tsai
number values under 1.20. Between these two, some similarities are seen, even if some
solutions have different levels of structural integrity. The differences may be related to the
different paradigms of each method. From deterministic point-of-view the RIA seems to be a
more conservative approach.
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Fig. 3 - Distribution of the Tsai number obtained with RBRDO (RIA), RBRDO (PMA) and RDO
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However, from a probabilistic point-of-view, the RIA appears to be less conservative than the
PMA. As seen in Figure 4, the reliability indexes obtained by the first method are closer to the
target value  = 3, than with the second. This occurrence may be justified by the
anisotropy of the composite laminate structure, which leads to solution of similar weight,
variability and Tsai number having different fracture envelops (ellipsoids) and, thus, a
different reliability index.

Despite this phenomenon, in both cases, it is also seen that the distributions of CDD and u4
have similar shapes, which allows to speculate about a functional relationship between critical
the Tsai number and the reliability index.
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5.00E+00

βMPP
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Var(Gi) - system variance
RBRDO (RIA)
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Fig. 4 - Distribution of the reliability index obtained with RBRDO (RIA), RBRDO (PMA) and RDO

CONCLUSIONS
In this paper, a new approach to the multi-objective RBRDO of ply-angle composite laminate
shell structures is proposed. RBRDO procedures are known to be very inefficient, given the
several different methods involved and the large number of solution evaluations needed to
converge. The proposed methodology attempts to combine efficiency with higher levels of
accuracy, by the exclusive use of GA, avoiding premature convergence in local minima as in
gradient-methods. Design optimization is considered as the bi-objective minimization
problem of the weight (optimality) and the determinant of the variance-covariance matrix
(robustness). Reliability assessment is made by the RIA, modified to make it more efficient
and accurate, as GAs tend to compensate their elevated accuracy with computational effort.
An example of a balanced angle-ply laminate composite shell was presented. The results
obtained from the application of the proposed approach to composite structures show that the
developed RBRDO model is appropriated to consider uncertainty in the structural parameters
and that the new heuristic for reliability assessment produces optimal results with and
efficient computational costs.
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ABSTRACT
The optimal design of hybrid composite stiffened structures addressing the sizing, topology
and sustainable material selection in a multi-objective optimization framework is proposed.
Minimum weight (cost), minimum strain energy (stiffness) and maximum sensitivity to
sustainable factors (minimum variability of energy) are the objectives of the proposed
structural robust design approach. The model performs the trade-off between the performance
targets against sustainability, depending on given stress, displacement and buckling
constraints imposed on composite structures. The design variables are ply angles and ply
thicknesses of shell laminates, the cross section dimensions of stiffeners and the variables
related to material selection for sustainability and distribution on structure.
Keywords: multi-objective optimization, sustainability, hybrid composites, robustness,
memetic algorithm
INTRODUCTION
The recent increases in structural material prices is further evidence that global consumption
will raise both awareness and need to design for the efficient and rational use of materials.
From a structural engineering point of view, the biggest influence results by focusing on
optimizing the structural systems to reduce the material requirements of a project supported
by sustainability concepts. FRP composites’ potential benefits may potentially mitigate some
environmental impacts. In particular, FRP composites are durable and sustainable due to their
long lifetime without noteworthy maintenance and low environmental impact.
Lightweight structures using FRP composite materials augment the competitive advantages
for both users and suppliers in markets where operational costs and higher efficiency are the
first considerations. The market where lightweight engineering plays the most prominent role
is the transportation industry. In the past, are recognized a number of features in material use,
optimizing the ratio of structural strength and stiffness and weight, in order to improve
efficiency (increase payload and safety). In sustainability, there is the concept of three “R’s”:
reduce, reuse and recycle. However, “reduce” is extremely important, even more so than
“reuse” or “recycle”. By minimizing material, fuel consumption decreases notably regardless as the power source. Therefore, lightweight design is the easiest way to minimize
fuel consumption and CO2 emissions.
PROPOSED APPROACH
An approach for decreasing costs in lightweight structures using FRP composite materials is
to adopt a hybrid construction where expensive and high-stiffness materials performs together
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with inexpensive and low-stiffness material. The optimization problem of topology associated
with material distribution and stacking sequence design of hybrid composites is very complex
when sizing variables, as ply angle and layer thickness are simultaneously considered.
Furthermore, since the balance between weight/sustainable cost and stiffness is important in
hybrid laminates construction the use of multi-objective design procedures are necessary. The
optimal design of hybrid composite stiffened structures addresses the sizing, topology and
sustainable material selection in a multi-objective optimization framework. Minimum weight,
minimum strain energy and maximum sensitivity to sustainable factors are the objectives of
the proposed structural robust design approach. The model performs the trade-off between the
performance targets against sustainability, depending on given stress, displacement and
buckling constraints imposed on composite structures. The design variables are ply angles and
ply thicknesses of shell laminates, the cross section dimensions of stiffeners and the variables
related to material selection for sustainability and distribution on structure.
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 uses the following concepts: 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 (Moscato 1989, Krasnogor
and Smith, 2005). The memetic learning procedures aim 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, 2013, 2014) performs together with featurebased allele’s statistics analysis used in the learning procedure implemented inside a 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. The relationship between
continuous statistical parameters of alleles and their dominance is established. The selection
of the most promising alleles for genes emulates the cultural and genetic evolution. A detailed
analysis of solutions/individuals at the Pareto-optimal front reveals that they belong to
different species. From this, it concludes 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 sustainable optimization of stiffened composite structures.
PROBLEM FORMULATION
The structural analysis of hybrid composites uses the 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 defined as
v w, x = y) w+ − x&4

(1)

where R is the vector of equivalent nodal forces associated with the actual stress field on the
structure, &4 is the equivalent nodal forces due to the external applied forces, x is a scale
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factor related to the load level t and w is the corresponding displacement vector. The
equilibrium path is traced using the arc-length method enabling the identification of the load
factors xz associated with buckling and x{D{ related to first ply failure (Conceição António,
2006). Huber-Mises law checks the first ply failure. 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 |
defined as
x} ,  = p~?X xz , , x{D{ ,  [

(2)

} ,  = p_X z , , {D{ ,  [

(3)

From the equilibrium path, the critical displacement } can be associated with buckling z ,
or related to first ply failure {D{ ,

The design variables x and π are associated with the sizing and material distribution,
respectively. The constraints are imposed on the critical load factor x} , and on the critical
displacement } , both of which are associated with buckling and first ply failure.

The multi-objective optimization problem of plates and shells built with hybrid composite
structures reinforced with stiffeners under static loading is,

subject to

Minimize ,  = X*, ,  ,  [ , s = 1, 2
61 ,  = 1 −

67 ,  =

 P , 


 P , 
−


≤0

(4)

(5)

1≤0

(6)

< = 1, … , ?

(7)

with x and  the allowable values for critical load factor and critical displacement, and the
size constraints:
89: ≤ 89 ≤ 89; ,

satisfying the equilibrium equation set:

v w, x, ,  = y) w, , + − x&4 = 

(8)

and the additional arc-length method equation:

 w, x, ,  = 

(9)

In equilibrium Equation (8), y) w, , + denotes the internal forces in the structural system
reflecting the dependence relatively to design variables. The composite structure with
nonlinear geometric behaviour reaches the equilibrium after an iterative and incremental
loading process based on the arc-length method in Equation (9) for a load level t. In the
objective function given by (4) the term *,  is the total weight of the laminated structure,
and it is defined as
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*,  = ∑:
9S1 ∑S1 9  9 

(10)

where 9   is the specific weight of the composite system and 9  is the volume both of
them defined for the i-th ply of the j-th laminate. In Equation (10), Nlam is the number of
laminates used to build the hybrid composite structure and < is the number of plies of the
j-th laminate. The term  ,  in Equation (4) is associate with the sustainability of the
composite structure. This second objective function depends on the studied case as follows:
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
1 ,  = ,  = 7 x &4 ⦁ w
1

(11)

for the structural 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
] ≡  E

Y ≡ ] −  E 7  = ∑S1 c7 Y8  + 2 ∑9S1 c c9 |8 , 89 )

(12)
(13)

being  E the calculated value for the energy for the nominal values   = 81E , … , 8E . The
matrix form of the equation (13) is
Y =    

(14)

|)8 , 89 + = r9 N N9 ,  ≠ < , r9 = | ¡Y¢ | ££| ¢
Y8  = σ7 ,  = <

(15)

where the superscript “T” denotes the transposition,  is the covariance matrix for
parameters 81 , … , 8  with components defined as
 9 = 

and the column vector  = c1 , … , c  has components c = L/L8 ¥ .

If the design variables 81 , … , 8  are uncorrelated then equation (13) is
Y = ∑S1 c7 Y8  = ∑S1 c7 N7

(16)

and the second objective function in this case is written as

7 ,  = ¦YX, [§1/7

(17)

In this paper, a robust design optimization 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
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of problem knowledge and learning classified as Lamarckian or Baldwinian (Krasnogor and
Smith, 2006). The memetic learning procedures aim to improve the exploitation and
exploration capacities of MOMA.
At isolation stage of each MOMA sub-population POP1 POP2 and POP3 different segments
of chromosomes are active as is shown in Figure 1. The activation procedures correspond to a
decomposition of the original multi-objective optimization problem formulated from Equation
(4) to Equation (9). The sorting of individuals at those sub-populations are based on local
non-constrained-dominance. The problem of stacking sequence design of composite
structures known for having many local optima, and so, dominated solutions are expected.
The memetic properties and the local and global dominance concepts of the multi-objective
genetic algorithm are applied together with feature-based allele’s statistics analysis used in the
learning procedure. This performs considering an age and dominance-based structured virtual
population (VP). The 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.
The proposed approach involves a continuous model of generation of individuals adopted for
age and dominance-structured virtual population VP. This enlarged population performs in
parallel with the hierarchical topology of sub-populations of MOMA. Two parameters
identify each individual belonging to population VP: individual age and his rank position
according the concepts of global dominance. The individual age increases one unit after each
generation. Any individual removed from MOMA sub-populations either by elitist strategy or
by finishing of isolation stage of evolution and not selected for migration, will survive in the
population with age and dominance-structured VP. Furthermore, its individual age will
continue increasing until removed definitively due to lethal age. The population VP ranked
according to non-dominance concepts enables to trace the corresponding global Pareto front.
θ

π

t , h, w

POP1
isolation

active

migration
flow

VP
Age &
Dominance
properties

POP3
isolation

θ

t , h, w

POP2
isolation
π

θ

t , h, w

π

Alternative activation

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
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parameterized Uniform Crossover (ADpUC) (Conceição António, 2013) and the new
operator denoted by Age-Dominance parameterised Selfish Gene (ADpSG) crossover.
Continuous statistical parameters of alleles in VP and its relationship with dominance is
established. Then, selecting the most promising alleles for each offspring gene, it is emulating
the cultural and genetic evolution. Figure 2 shows the linkage of age structure and dominance
for the ADpSG proposed crossover.
In this work, the evolution at each sub-population of MOMA performs based on the selection
of two or three crossover schemes as follows:
POP1: EpUC or (ADpUC and ADpSG)
POP2: EpUC or EHCgi (local optimizer)
POP3: EpUC or (ADpUC and ADpSG)
The probability selection of the appropriate crossover operator comes from the success rate
(Conceição António, 2009) during the evolutionary process. The ADpUC and ADpSG are
applied together to build the offspring group.

Fig. 2 - The mating selection mechanism of the Age-Dominance parameterised Selfish Gene (ADpSG)

Other Lamarckian learning procedures such as the Controlled Mutation (Conceição António,
2006 and 2009). The incorporation of data related to the behavior of the state variables of the
structural system is the main objective of the Controlled Mutation for the Selfish Gene Theory
application. The Controlled Mutation operator performs in two steps:
First step: The establishment of a relationship between the stress field on the composite
structure and the genes of the chromosome directly associated with the structural behavior.
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Second step: To change the gene composition by controlled mutation aiming to improve the
fitness of the selected individual and inserting it back in the population.
The Controlled Mutation performs in an alternative way with the Implicit Mutation
(Conceição António, 2006).
RESULTS
Let us consider a spherical composite shell structure reinforced with beam stiffeners, as
shown in Figure 3. The shell is hinged at its perimeter and subjected to a reference load,
¨ = 10 s?, applied at central point of the structure. Three shell laminates (1 to 3)
compose the structure reinforced with three beam laminates (4 to 6), as defined in Figure 3.
The laminates are symmetric with six layers. The j-th shell laminate is defined by i-th ply
angle ©,9 and by i-th ply thickness ¢,9 design variables. For the j-th beam laminate, the
design variables of the cross-sections are the width ª9 and the height ℎ9 . Figure 1 defines
these design variables active during the isolation stage of each sub-population. The
numbering of plies follows from upper ply to lower ply. The stiffeners connected below the
shell elements and the fibres aligned with their longitudinal axis. Figure 3 shows the stiffeners
built with beam laminates plotted by bold lines.

F
R=4.758 m
b=0.086 m

b
R

y
6
5
4

5
6

F

6

4
4

x

5

1

4
Beam
laminate
(stiffener)

5

2

6

Shell
laminates

3
stiffeners

1.8 m

Fig. 3 - Spherical shell composite structure with stiffeners and laminate definition

It can be selected one material among the four composite systems presented in Table 1 for ply
laminates: one carbon/epoxy composite, two glass/epoxy composites and one Kevlar/epoxy
composite (Tsai, 1987). The Kevlar/epoxy is a possible material choice only for the inner ply
of the symmetric laminates. The remaining materials are free selection and the hybrid
composite laminate construction uses at least two materials. Then there are 33 possible
combinations of these four materials for the stacking sequence M9 considering the defined
rules and six plies in the symmetric j-th composite shell laminate construction.
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Table 1 - Mechanical properties of the materials used in the composite laminate
Material
Type
CFRP: T300/N5208
GFRP: Scotchply 1002
GFRP: E-glass/epoxy
KFRP: Kevlar 49/epoxy

Code
1
2
3
4

CFRP: T300/N5208
GFRP: Scotchply 1002
GFRP: E-glass/epoxy
KFRP: Kevlar 49/epoxy

1
2
3
4

]1 [GPa]

181.00
38.60
43.00
76.00
X [MPa]
1500
1062
1280
1400

]7 [GPa]

10.3
8.27
8.90
5.50
Y [MPa]
40
31
49
12

17 [GPa]

7.17
4.14
4.50
2.30
S [MPa]
68
72
69
34

ν

0.28
0.26
0.27
0.34
ρ [kg/m3]
1600
1800
2000
1460

The material of the six plies of the beam laminates is the material number 2 from Table 1 and
does not change during the optimization process. The allowable value for critical
displacement in buckling or FPF failure modes is, ̅ = 9.0 f 10g7 m. The lower bound for
the critical load factor defined in Equation (4) is, x̅ = 0.2. The size constraints on the design
variables are:
−90° ≤ ©,9 ≤ 90°
̅ ≤ 4.0 f 10gt m
1.0 f 10gt m ≤ ¢,9
2.0 f 10g7 m ≤ ℎ9 ≤ 4.0 f 10g7 m
5.0 f 10gt m ≤ ª9 ≤ 2.0 f 10g7 m

18

The uncertainty in design variables ²,̅ ³, ´, µ considered for robustness analysis is
formulated from equation (12) to equation (17). The random design variables used in
uncertainty and sensitivity analysis is the vector ¶ = ²,̅ ³, ´, µ being:
-

the ply thickness of shell laminates group ²;̅
the ply angle of shell laminates group ³;
the height and width beam laminates group (h, w).

The standard deviations N©  = 5° are prescribed for all random design variables belonging
to the ply angle group, ³. The standard deviation, N·P = 0.05̅ , is considered for each design
variable  , belonging to the remaining groups ²̅ and (h, w). In this case, ̅ is the mean value
of the design variable taken from the values of RDO at each generationof the evolutionary
process.
Table 2 presents the genetic parameters of MOMA. Ten individuals belonging to different
species (Conceição António, 2006, 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 Figure 3.
Table 2 - Genetic Algorithm parameter definitions
Subpopulation
Population size
Elite group size
Mutation group size
Nr. digits/binary or integer code
Generations/isolation time

POP1
27
11
5
4/4/4
8
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POP2
27
11
5
4/4/4
8

POP3
27
11
5
4/4/4
8
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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. An epoch is a complete cycle of isolation stages of
POP1, POP2 and POP3.
Figures 4 and 5 show the Pareto fronts (rank 1) for both studied cases after thirty epochs: (1)
weight vs strain energy objectives; and (2) weight vs standard deviation of strain energy
objectives. The global dominance measured in age and dominance-structured population VP
enables to trace the associated Pareto fronts. It can be observed the performance of the
proposed approach to search for Pareto front’ solutions considering the multi-objective
optimization problem.
Table 3 and Table 4 show the two Pareto-optimal non-dominated solutions (rank 1) for the
two bi-objective optimization studied cases marked on Figure 4 and Figure 5. The solutions
come from the convergence at the 30th epoch of age and dominance-structured population VP.
The strain energy is associated with the stiffness properties of the structure. When the
minimized objectives are the weight and the strain energy (1st case study), it is observed a fair
variability of strain energy measured by its CV as shown in Figure 4. 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 Figure 5.

5,5

10
Pareto front, weight / energy
CV energy (%)

5,0

9
8

4,5

7
6

Tables 3 and 4

3,5

5
3,0
4

CV energy (%)

energy [J]

4,0

2,5
3
2,0

2

1,5

1

1,0

0
5

7

9

11

13

15

17

19

21

23

weight [kg]

Fig. 4 - Optimal Pareto front corresponding to bi-objective optimization weight vs strain energy (1st case study);
variability of energy (CV energy %) for each solution on Pareto front

-1123-

Symp-09: Optimization and Uncertainty Quantification

0,30

11
Pareto front, weight / std energy

0,28

10

energy

0,26
9
0,22

8

0,20

7

0,18

6

0,16
5

0,14
0,12

4

0,10

3

energy [J]

std energy [J]

0,24

0,08
2
0,06
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14
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Fig. 5 - Optimal Pareto front corresponding to bi-objective optimization weight vs standard deviation of strain
energy (2nd case study); strain energy for each solution on Pareto front
Table 3: Decoding results of the Pareto-optimal front solutions for the first two segments of chromosome
(¢,9 , ℎ< , ª9 [mm] and ©,9 [degrees])
Laminate

Shell

Pareto optimal solutions

Beam

Design
variables

Weight vs Energy

Weight vs Std Energy

1

t 1,1 / θ1,1

2.00/ 18

1.00 / 30

1

t 2 ,1 / θ 2 ,1

1.00/ 78

2.20 / 6

1

t 3,1 / θ 3,1

3.20/ 54

2.00 /-66

2

t 1,2 / θ 1 ,2

1.00/ 54

1.00 / 42

2

t 2,2 / θ 2,2

1.00/ 6

2.60 /-78

2

t 3,2 / θ 3,2

1.00/ 66

1.00 / -30

3

t 1,3 / θ 1,3

2.40/ -18

1 40 / 66

3

t 2 ,3 / θ 2 ,3

1.00/ -78

1.00 /-54

3

t 3,3 / θ 3,3

1.00/ -30

1.40 / -6

4

h1 / w1

40.0 / 10.0

40.0 / 17.0

5

h2 / w2

26.7/ 7.0

20.0 / 6.0

6

h3 / w3

28.0/ 6.0

33.3 / 5.0

Objectives:

Weight [kg]
Energy [J]
Std Energy

9.001
2.823
(9.9795E-02)
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9.664
(3.0283)
7.8504E-02

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

Table 3 and Table 4 show the details of two design solutions belonging optimal Pareto fronts
both of them marked in Figure 4 and Figure 5. In particular, Table 4 presents the description
of the third segment of the chromosome for the two referred Pareto-optimal front solutions
(rank 1) of Table 3 associated with optimal material distribution on spherical composite
structure. These correspond to optimal stacking sequence at laminate level and optimal
laminate distribution on structure level. According geometric definition of the RDO problem
in Figure 3 the composite structure have three shell laminates. The stacking sequence of each
symmetric shell laminate done in closed brackets uses the composite system numbering
defined in Table 1. The optimal laminate distribution on the structure takes different laminates
for the minimization of weight vs Std energy. However, when the minimized objectives are
the weight vs strain energy (1st case study), the optimal solution takes the same laminates.
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)

Weight vs Energy t

Optimal stacking sequence at laminate level & optimal laminates
distribution on structure
M1
;
M7
;
Mt

Weight vs Std
Energy

[1/3/4] S ; [1/1/2] S ; [1/1/4] S

Pareto-optimal
solutions

[1/1/4] S ; [1/1/4] S ; [1/1/4] S

CONCLUSIONS
This paper presents an approach for RDO of composite structures that simultaneously
consider minimum weight versus minimum strain energy or minimum strain energy
variability. The goal is to obtain the sustainable design for hybrid composite structures. A
Multi-objective Memetic Algorithm (MOMA) was developed and applied to the optimization
of hybrid composite shell structures with stiffeners. The memetic learning procedures aims to
improve the exploitation and exploration capacities of MOMA. The robustness-based design
optimization performs comparing two constrained bi-objective optimization problems: (1)
weight vs strain energy minimizations; and (2) weight vs standard deviation of strain energy
minimizations. From the trade-off of both bi-objective optimization problems, depending on
given stress, displacement and buckling constraints imposed on composite structures, the
global Pareto-optimal fronts are built. Results show that MOMA is promising in multiobjective optimization of FRP composite hybrid structures.
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ABSTRACT
The more realistic analysis of structure failures under uncertainties is associated with the use
of probabilistic methods. One of the main problems in the structural reliability analysis of
composite laminate structures is the possible existence of multiple MPP (Most Probable
Failure Point). In this work, we propose a numerical inverse technique for the global MPP
search as a function of the anisotropy of the laminated composites. A Bayesian method to
estimate the probability of failure based on Monte Carlo simulation performs the results
validation. The validation process demonstrates that the proposed methodology is adequate to
estimate the probability of failure of the laminated composite structures.
Keywords: uncertainty, reliability, composite structures, inverse optimization, Bayesian
estimation
INTRODUCTION
The more realistic analysis of structure failures under uncertainties is associated with the use
of probabilistic methods. The probabilistic analysis of structural integrity, or structural
reliability, considers the uncertainties in the variables and in the design parameters of
structures. Furthermore it is studied also the impact of these uncertainties on the
characterization of the failure of these physical systems. Approximate reliability methods,
such as first-order methods (FORM) or second order (SORM), aim to obtain the so-called
Most Probable Failure Point (MPP). MPP research is equivalent to solving a problem of
optimization that until recently has been performed using gradient-based techniques. When
the search methods are gradient based there is the possibility of existence of multiple failure
points, that is, multiple local optima. In this case, one needs to use simulation techniques,
such as the Monte Carlo Method.
FUNDAMENTAL PROBLEM OF STRUCTURAL RELIABILITY
The fundamental problem of structural reliability consists in solving the following integral:
¸ = q¶ ≤ 0 = ¹

£¶  8

º»E

1

where ¶ = _1 , _7 , ⋯ , _  is a random vector defined in the probability space,
½, ℱ, q where Ω is the sample space, and can be identified as the set of all the structural
design scenarios, ℱ is the σ-algebra of the subsets of Ω and P is the probability measure. The
vector X represents the random variables that contain information about the uncertainties that
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affect the safety of the structure under consideration and £¶  is the joint probability density
function of X. The basic variables usually describe the randomness in geometry, in material
properties or applied loads.
For each realization of X the state of the structure is determined by quantities such as
displacements, deformations, stress, damage measures, etc. The state of a structure can be of
failure or safety. The failure state occurs when a realization of X is in the failure domain
defined by À¸ = ¦ ∈ ℝ :  ≤ 0§. The function )_, Ψ¶+ is denoted by the limit state
function and depends on the input variables, X, and the response, Ψ(X). For one
simplification, only uses the X notation referring to all the random variables involved in the
analysis. The set ¦ ∈ ℝ : Å = 0§ defines the limit state surface, representing the
boundary between the two states.
À¸ = ¦ ∈ ℝ : Å ≤ 0§ which is called the failure domain;
Two sets are then considered:

ÀÆ = ¦ ∈ ℝ : Å > 0§ which is called the safety domain.

The safety state is the state for which a structure, or part of it, can fulfill functions for which it
was designed. On the other hand, the limit state is seen as the state beyond which a structure,
or part of it, is no longer in safety state.
In the analysis of the reliability of composite structures, the random variables are
uncorrelated, defining the vector X. In this particular case, the random variables are the
mechanical properties of the composite laminate structure and the limit state function is,
 = u4 − 1

where u4 is the most critical Tsai number defined by

u4 = >)u1 , ⋯ , u , ⋯ , uÈ +

2

3

being Ns the total number of points where the stress vector is evaluated. The Tsai number, u4 ,
which is a strength/stress ratio, is obtained from the Tsai-Wu interactive quadratic failure
criterion and calculated at the k-th point of the structure solving equation
1 − )¨9 É É9 +u7 − ¨ É u = 0 , < = 1, 2, 6

4

where É are the components of the stress vector, and ¨9 and ¨ are the strength parameters
associated with unidirectional reinforced laminate defined from the macro-mechanical point
of view.

If the distribution of the basic variables, XÌ , and the limit state function,  are known, the
probability of failure can be employed as a measure of reliability. Using the Lind Hasofer
method, one will get an approximate value for this probability.
LIND HASOFER METHOD

In 1974, Lind and Hasofer proposed a method (Hasofer and Lind, 1974) that implicitly
assumes the normality and independence of the input variables associated with the
randomness or uncertainty of the problem.
The problem originally defined in the normal space x and transformed into a problem defined
in standardized normal space Í of coordinates 31 , 37 , ⋯ , 3 through the transformation
-1128-
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 =

_ − 
N

5

Let 1 , 7 , ⋯ ,  be uncorrelated standardized normal random variables. Consider the limit
state function projected in this space. Let p = 61 , 7 , ⋯ ,  .
Let us rewritten the probability of failure in the form,
¸ = ¹

6

ÎÍ Í

ÏÍ»E

where ÎÍ is the joint standardized normal density function. This function has a maximum
at the origin and decays exponentially with ‖ Í ‖7 . So, the points that most contribute for the
previous integral are those of the limit state surface nearest to the origin.
Thus, the first step consists in determining the point on the limit state surface nearest the
origin.
In the simplest case, where the limit state function is linear, this function can be written in the
form 6Í =  − Ð Í, where  is the distance from the hyperplane 6Í = 0 to the origin
and Ð is a unitary vector normal to the hyperplane and directed outwards. It is proved that
ÎÍ has a maximum at Í∗ = Ð. Therefore, Í∗ is called the most probable failure point
(MPP). This point on the limit state surface, nearest the origin, represents the worst
combination of the random variables (Melchers, 1999).
The random variable, = ÑÒ − Ð Ó, is normally distributed with mean value ]p =  and
variance p = 1 and the probability of failure given by
¸ = q − Ô  Ó ≤ 0 = ɸ−

7

In the case where 6Í is not linear, the search of the MPP can be formulated as a constrained
optimization problem
Í∗ = min ‖Í‖
ÏÍSE

8

min ×Í,  = ‖Í‖ + 6Í

9

The above problem solution uses appropriate methods. The classical method of variational
calculus is to solve the equivalent problem
where  is the Lagrange multiplier associated with the limit state equation 6Í = 0.

If the number of basic variables is high or if the limit state function is complicated, one needs
an iterative scheme to solve this problem.
|| = ‖Í∗ ‖

10

After determining the MPP, the corresponding reliability index is defined,

In FORM, one considers the limit state function linearized in the MPP, Í∗ . Such linearization
corresponds to approximate the limit state surface 6Í = 0 by the normal hyperplane to the
The second step consists of approximate the surface state limit.

vector Í∗ . This hyperplane equation is −Ø Í, where the unit vector Ø is given by

∇Ï|Í∗

Ú∇Ï|Í∗ Ú

.

The study is then similar to the case where the limit state function is linear. So, the probability
of failure is given by the equation:
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¸ = ¹

ÎÍ Í ≈ ¸{ÜÝC = ¹

ÏÍ»E

ÎÍ Í = ɸ−

ÞgØß Í»E

11

The first-order approximation provides good results if the curvatures of the limit state surface
are not high (Der Kiureghian, 2005). If the limit state surface is strongly nonlinear, uses a
second-order approximation aiming to improve the results. The second order approximation,
obtained by developing 6Í in a second-order Taylor polynomial around Í∗ , is
where ∇7 6 = à

1
6Í ≈ ∇6|Í∗ Í − Í∗  + Í − Í∗  ∇7 6|Í∗ Í − Í∗ 
2

áâ Ï

á;P á;ã

ä is the Hessian of the limit state function and 6Í∗  = 0.

12

If input variables are not normal, or are not independent, Rackwitz and Fiessler (Melchers,
1999) suggest that the problem originally defined in x-space is transformed into a problem
defined in 3 -space.
The transformation of x-space to 3 -space depends on the available statistical information if
the input variables are normal or not and whether they are independent or not.
MONTE CARLO SIMULATION (BAYESIAN FORMULATION) IN RELIABILITY
To estimate the probability of failure, the previous approximate methods use the so-called
most probable failure point (MPP). Research from this point is an optimization problem that
involves techniques based on gradients, evolutionary research or others. When using the
gradient-based methods, we face the possibility of multiple points, which are multiple local
optima. This problem is exacerbated, when the number of random variables involved is large,
or when the degree of non-linearity of the limit state functions associated with the response of
the structural system is high. In this case, there is no guarantee to access correctly the
structural reliability. To overcome these difficulties, complementary approaches are proposed,
such as the Monte Carlo method. These complementary approaches are used essentially to
provide values for the validation of the results obtained by previous methods.
According to the Bayesian formulation, in the estimation of a parameter θ , the a posteriori
distribution ℎå|Å ©| is the product of the likelihood of the sample £|³ |© by the a priori
distribution 6å © with an appropriate constant. For the particular case in which the
parameter to be estimated is the probability of failure, ¸ , by the Bayes Theorem, the a
posteriori distribution of ¸ , ℎæ |, )¸ çs, ?+ is given by (Guérin et al., 2007).
ℎæ |, )¸ çs, ?+ =

£,|æ )s, ?ç¸ +6æ )¸ +

èE £,|æ )s, ?ç¸ +6æ )¸ +¸
1

13

where 6æ )¸ + is the a priori distribution and must belong to a family such that the a
posteriori distribution ℎå| ©| is from the same family. For the likelihood, we have the
binomial model

g
?
£,|æ )s, ?ç¸ + = é ê )¸ + )1 − ¸ +
, s = 0,1, ⋯ , ?
s
from which the a priori distribution must be a Beta distribution.

The a posteriori distribution to a binomial likelihood and a priori Beta is
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ℎæ |, )¸ çs, ?+ = ë

1
îïï1
gïzg1
)¸ +
)1 − ¸ +
, 0 ≤ ¸ ≤ 1
ìY + s, ? − s + í
0

,

¢ℎ  Y¡3 É

which is a ì ¢Ys + Y, ? − s + í distribution with mean value ])¸ çs, ?+ =
variance )¸ çs, ?+ = ïzïâ ïzïï1
ïzïg

ï

15

ïgz

A confidence interval with confidence γ is given by )¸ , ¸ + with ¸ such that
¹

æñPò

ì ¢Ys + Y, ? − s + í¸ =

E

and ¸ is such that

¹

æñó

E

Let us consider two situations here:
•

ð
2

ì ¢Ys + Y, ? − s + í¸ = 1 −

ôõö )õö + is non-informative

ð
2

and

16
17

In this case, the appropriate model for 6æ )¸ + follows a uniform distribution ¸ ~ì ¢Y 1,1.
The a posteriori distribution is a Beta distribution s + 1, ? − s + 1. A confidence interval,
with confidence ð is given by )¸ , ¸ + with ¸ such that
¹

E

and ¸ is such that

•

æñPò

¹

æñó

E

ì ¢Ys + 1, ? − s + 1¸ =

ð
2

ì ¢Ys + 1, ? − s + 1¸ = 1 −

ôõö )õö + is informative

18

ð
2

19

If the source of information is the knowledge of a previous Monte Carlo simulation (N'
simulations and k' failures), the a priori distribution is a Beta distribution s′ + 1, ? ´ − s′ +
1.
The a posteriori distribution is a Beta distribution s + s′ + 1, ? − s + ? ´ − s′ + 1.

A confidence interval, with confidence ð is given by )¸ , ¸ + with ¸ such that
¹

æñPò

E

and ¸ is such that
¹

ì ¢Ys + s′ + 1, ? − s + ? ´ − s′ + 1¸ =

æñó

E

ð
2

ì ¢Ys + s′ + 1, ? − s + ? ´ − s′ + 1¸ = 1 −
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INVERSE RELIABILITY PROBLEM
An approach based on the design of composite structures to achieve a specified reliability
level is proposed, and the corresponding maximum load is outlined. The objective function
describing the performance of the composite structure is defined as the square difference
between the structural reliability index, ø , and the prescribed reliability index,  . The design
variables are the ply angle, Y, and load factor, x. The random variables are the elastic and
strength material properties.
¨x, Y,  = Xø x, Y,  −  [7

Thus, the function that describes the performance of the structural system is

22

where  is the realization of random variable. The vector of applied loads is defined as:
ù = xùú¸ , where ùú¸ is the reference load vector.

The minimization of functional defined in equation (22) corresponds to a conventional RBDO
inverse optimization problem (António and Hoffbauer, 2009). Indeed, for each ply angle,
there will be an optimal load factor λ* associated with a prescribed structural reliability index
 .
The prescribed reliability index,  , is thus the objective to be achieved by the structural
reliability index.
RESULTS
Let’s consider an aircraft wing-like composite panel as shown in Figure 1. The panel
thickness is equal to 0.015 m. The structure is clamped along linear side ì and free along
opposite side. One vertical load with perpendicular direction relatively to û_a plan is applied
on point ü. The structure is built by one laminate made of a carbon/epoxy composite system.
A balanced angle-ply laminate with eight layers and stacking sequence X+Y/−Y/+45ý /
−45ý [ Æ is considered in a symmetric construction. Ply angle Y, is referenced to the 8-axis of
the reference coordinate, as detailed in Figure1. All plies have same thickness.

Fig. 1 - Geometric definition of aircraft wing-like composite panel.
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Ahmad degenerated shell finite element (Ahmad et al., 1979) is used here for structural
analysis. To assess reliability, the previously described procedure in equation (22) is applied
considering the vector of random variables þ = ൣ]1 , ]7, , a, c൧ where
]1 ~ࣨ181.00,10.860qY
]7 ~ࣨ10.30, 0.618qY
a~ࣨ40.00, 2.400pqY
c~ࣨ68.00, 4.080pqY

The target reliability index is  = 3 and the coefficient of variation of each random variable
is set to üþ = 6%. The corresponding maximum load is plotted in Figure 2 and it is used
as the reference load.
12000

Maximum Load [N]

10000

8000

6000

4000

2000

0
0

15

30

45

60

75

90

Angle, a[º]

Fig. 2 - Maximum load for  = 3, solving the inverse RBDO problem for aircraft
wing-like composite panel.

Monte Carlo Simulation method is used to study the Tsai number. Analyzing 10000
simulations, histograms descriptive measures and of the Tsai number are obtained and
presented in Figure 3 and Table 1 for all angles. Histograms suggest a normal distribution for
all angles.
Table 1 - Descriptive measures of the Tsai number (10000 Monte Carlo simulations)
Ply angle

Mean

C.V. (%)

Minimum

Maximum

Number of failures

0º
15º
30º
45º
60º
75º
90º

1.244
1.133
1.159
1.216
1.224
1.222
1.229

6.80
3.87
4.71
6.32
6.29
6.10
6.26

0.953
0.948
0.939
0.910
0.949
0.951
0.966

1.557
1.290
1.361
1.519
1.522
1.491
1.515

13
13
20
13
11
13
12

The results presented in Figure 2 can be validated using a Bayesian method to estimate the
probability of failure based on Monte Carlo simulation, calculating a two sided 95%
confidence interval of ¸ , associated with the obtained maximum load, for each ply angle, Y.
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A prior and a posterior distributions used for Bayesian estimation are defined in Table 2 and
their graphic representations are shown in Figure 4. The source of information is the
knowledge of a previous Monte Carlo simulation (?′ = 2000 simulations).

In this case, the maximum load is applied to the composite structure for each value of ply
angle, Y, and the Monte Carlo simulations used, together with Bayesian inference, to confirm
the prescribed reliability index of  = 3. The confidence intervals for ¸ are shown in Figure
5, where the red points indicates the failure probability ¸ = ɸ−3, calculated using
equations (20) and (21).
Tsai.Number.90
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0

Tsai.Number.45

Tsai.Number.60

Tsai.Number.75

Count

3000
2000
1000
0

Tsai.Number.00

Tsai.Number.15

Tsai.Number.30

3000
2000
1000
0
1.0

1.2

1.4

1.6

1.0

1.2

1.4

1.6

Tsai Number

Fig. 3 - Distribution of the Tsai number.
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0.000 0.004 0.008
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Fig. 4 - A prior and a posterior distributions used for Bayesian estimation.
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Table 2 - Confidence intervals of failure probability
Ply angle

a priori distribution

a posteriori distribution

CI (95%)

0º
15º
30º
45º
60º
75º
90º

Beta(2,2000)
Beta(3,1999)
Beta(5,1997)
Beta(4,1998)
Beta(2,2000)
Beta(3,1999)
Beta(2,2000)

Beta(15,11987)
Beta(16,11986)
Beta(25,11977)
Beta(17,11985)
Beta(13,11989)
Beta(16,11986)
Beta(14,11988)

(0.00069972, 0.0019565)
(0.00076224, 0.0020607)
(0.00134855, 0.0029741)
(0.00082540, 0.0021642)
(0.0005769, 0.00174600)
(0.00076224, 0.0020607)
(0.00063792, 0.0018517)

The red points are inside of the confidence interval, showing the agreement of the results
obtained using the Lind-Hasofer method with those from the Monte Carlo simulation together
with Bayesian inference.

Fig. 5 - Confidence intervals of failure probability (bayesian inference).

CONCLUSION
Depending on a certain reliability index imposed on the composite structure, the maximum
load is obtained, as a function of the anisotropy of the laminated composites.
The results obtained for the maximum load were validated using the Monte Carlo simulation
with Bayesian methodology to estimate the probability of failure. The validation process
shows that the proposed methodology is adequate to estimate the probability of failure of the
laminated composite structures.
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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
tests, as well as the methods and programs used. During this study Response Surfaces method
was used.
Keywords: machining, milling, vibration, optimization
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 it is necessary that the structure of machine-tools have high static
rigidity in bending and twisting, appropriate dynamic characteristics, dimensional stability, as
well as low coefficient of thermal expansion. Beside these characteristics is very important to
choose the optimal machining parameters and minimizing the vibrations effects.
The vibrations generated during the machining process can compromise surface finish and
dimensional tolerances of the workpiece as well as wear and fracture of the cutting tools
(Miguélez, 2010). Machining can result in three different types of vibrations that can increase
with the low dynamic stiffness of one or more elements of the structure, such as the spindle,
the tool chuck or even the cutting tool. These three types of vibration can be described by
free, forced and self-excited vibrations (Tobias, 1965). Free vibrations occur when a
mechanical system is transferred from its equilibrium condition and its vibration arises freely
without external excitation. Forced vibrations appear due to external sources, which may
originate from the entry of the cutting edges of a top milling cutter on the material to be
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removed from the part or even due to the lack of balancing of the spindle of the machine.
While the self-excited vibrations, usually named chatter, have the property of withdrawing
energy from the system upon initiation and then increasing the energy level employed due to
the interactions of the tool with the part during the machining process (Altintas, 2008). This
type of vibration makes the process unstable and therefore is the most undesirable and
difficult to control. Predicting the appearance of vibrations during the machining process is
essential to ensure the best application of the cutting parameters and consequently maximize
the productivity of a given machine-tool-clamping system. The stability prediction of the
machining, which generally produces a diagram that relates the spindle rotation to the limiting
machining depth, known as the stability lobule diagram is a widely used method to avoid the
appearance of vibrations. However, it is necessary to obtain information about the
characteristics of the material to be machined, the cut geometry and the dynamics of the
system (Santos, 2014). Several studies have been carried out over the last few years in order
to increase the stability limits of the machining process, which can be done basically in two
ways: either passively or actively. Passive methods have usually altered the dynamic
characteristics of the machine-tool-clamping system, increasing its dynamic range-that is, its
ability to resist or absorb vibrations, improving stability limits in the machining process in
general (Wang, 2004). In contrast, in active methods vibrations are monitored during the
machining process and the dynamic characteristics of the machine-tool-clamping system can
be changed as required. Another way of reducing or eliminating vibrations in the machining
process is by interrupting the regeneration or self-excitation mechanism rather than changing
the dynamic characteristics of the machine-tool-clamping system. For this, it is necessary to
act on parameters of the machining process such as cutting speed, feed rate and machining
depth. This method can be used actively or passively. As the change of the machining
parameters, it can influence the dimensional and geometric tolerances of the part, which
presupposes the greatest care with the amplitude of the variations of such parameters. It has
the advantage of not requiring the addition of actuation mechanisms capable of changing the
dynamic system, which in general makes it a solution that requires less financial investment
and less application complexity, since no structural changes are necessary in the machine tool.
The approach adopted to carry out this work was based on this method, that is, a set of
systematic alterations of some machining parameters was implemented and the level of
vibrations in the machine quill, as well as the degree of quality of the surface finish of the
machined part. However, to minimize the number of experimental tests was implemented an
optimization method.
For few decades many optimization algorithms have been developed and applied in
machining processes (Aggarwal, 2005) they not only optimize the processes but also reduced
the need for time-consuming and expensive tests. However, the most used are the fuzzy logic
(Palanikumar, 2005), genetic algorithms (Wang and Jawahi, 2004), Taguchi technique
(Gopalsamy, 2009), grey relational analysis (Tzeng, 2009) and response surface (Makadia,
2013).
The aim of this work is develop a method that is able to optimize the machining parameters to
improve the surface quality and minimize the vibrations effects. For that, was used the
optimization method of Response Surface to minimize the vibrations during the machining
process. The level of vibrations has a direct relation in the surface quality and the tool life.
EXPERIMENTAL PROCEDURE
Before the implementation of experimental work was need to use an efficient process for the
design of experiments. For this, an optimization method for design of experiments was
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implemented, the response surface method. In this optimization method, the response surface
method was elaborated and implemented through Matlab R2015a, and the modelling function
was defined by the variables z and x. The variable z has five components that represent:
•

z1 - cutting speed;

•

z2 - cutting federate;

•

z3 - axial depth;

•

z4 - radial depth;

•

z5 - vibrations (RMS - Root Mean Square).

To model the problem, two distinct problems were defined. The first one has main objective
to identifying the best model, i.e. to identify the function that best fit the data. The second
problem is to determine the optimal values of the variables z1, z2, z3 and z4 that provide the
minimum vibration.
For first problem, the variable x has between five and twenty-five components, whose
minimum depends on the function, which represents the fit of the function to the given data.
Initially, several functions were tested to model the vibration of the tool. Thus, the following
functions were tested:
£1 8, ∑ = ݖସS1 8  ݖ+ 8ହ ;

•
£7 8, ∑ = ݖସS1 8 ݖ7 + ∑ସS1 8ïସ  ݖ+ 8ଽ f ݖ1 f ݖ7 + 81E f ݖ1 f ݖt + 811 f ݖ1 ∗ ݖସ +
817 f ݖ7 f ݖt + 81t f ݖ7 f ݖସ + 81ସ f ݖt f ݖସ + 81ହ ;

•

£t 8, ∑ = ݖସS1 8 ݖ7 + ∑ସS1 8ïସ  ݖ+ 8ଽ ;

•
£ସ 8, ∑ = ݖସS1 8 ݖt + ∑ସS1 8ïସ ݖ7 + ∑ସS1 8ï଼  ݖ+ 81t f ݖ1 f ݖ7 + 81ସ f ݖ1 f ݖt +
81ହ f ݖ1 f ݖସ + 81 f ݖ7 f ݖt + 81 f ݖ7 f ݖସ + 81଼ f ݖt f ݖସ + 81ଽ ;

•

•
£ସ 8, ∑ = ݖସS1 8 ݖt + ∑ସS1 8ïସ ݖ7 + ∑ସS1 8ï଼  ݖ+ 81t f ݖ1 f ݖ7 + 81ସ f ݖ1 f ݖt +
81ହ f ݖ1 f ݖସ + 81 f ݖ7 f ݖt + 81 f ݖ7 f ݖସ + 81଼ f ݖt f ݖସ + 81ଽ ;

•
£ 8, ∑ = ݖସS1 8 ݖt + ∑ସS1 8ïସ ݖ7 + ∑ସS1 8ï଼  ݖ+ 81t f ݖ1 7 ∗ ݖ7 + 81ସ f ݖ1 7 f
ݖt + 81ହ f ݖ1 7 f ݖସ + 81 f ݖ7 7 f ݖt + 81 f ݖ7 7 f ݖସ + 81଼ f ݖt 7 f ݖସ + 81ଽ ;
•

•

£ 8, ∑ = ݖସS1 8 ݖt + ∑ସS1 8ïସ ݖ7 + ∑ସS1 8ï଼  ݖ+ 81t ;

£଼ 8, ∑ = ݖସS1 8 ݖt + ∑ସS1 8ïସ  ݖ+ 8ଽ .

For the choice of the best model, n trials were considered in order to solve the problem of
optimization of equation (1):
> ∑S1£8,  ݖ− ݖହ 7

(1)

To solve the problem of optimization of equation (1) we will use the Nelder-Mead method
implemented in the toolbox Optimization of Matlab software.
Initially 10 (n = 10) trials were used to select the best model and 6 new assays were used to
validate the functions studied.
Analyzing Table 1, it was found that the functions f1(x,z), f3(x,z) and f7(x,z) were the ones
that had the minimum error, that is, they are the best models.
Subsequently, 16 (n = 16) trials were used to select which of the three functions would be the
best. The values of Table 2 were obtained from the model validation.
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Table 1 - Results for 10 of 16 tests.
Function
£1
£7
£t
£ସ
£ହ
£
£
£଼

Minimum found

N. iterations

5.22×101
6.81*10
4.18×102

140
2187
881
2776
3888
2877
1604
719

4.85*1017
5.71*101ସ
5.92*101ସ
5.40*10t
2.02*10

Functions
evaluations
262
3000
1380
3800
5000
3800
2451
1280

Table 2 - Results for 16 of 16 tests.
Function
£1
£t
£

Minimum found
9.46×101
1.43x10t
1.86x10ହ

N. iterations
151
744
1672

Functions evaluations
264
1206
2554

Observing Table 2, we see that the function f1(x,z) is the one with the least error, so this will
be the best model. Since f1(x,z) is the best function it is going to be used throughout the
optimization for the problem (2).
>௭ |£1 8, |ݖ

(2)

By means of the response surface method, we determine the optimal coefficients of variable x
solving the problem 1. After the determination of the optimal parameters obtained in problem
1, for which the vibrations are smaller, we will solve the problem 2 to identify the optimal
parameters for the variable z. The Genetic Algorithm it was used to solve the problem 2.
The absolute value is presented (in problem 2), since represents the minimum value of the
vibrations and this parameter cannot have negative values and needed to be closest to zero.
The experimental tests were carried out in the Laboratory of Mechanical Technology (LTM)
of the Higher School of Technology and Management (ESTIG) of the Polytechnic Institute of
Bragança (IPB) and the aim was to optimize the vibration values when machining with a
CNC of cylindrical steel.
To evaluate the frequency of the system itself the tool impact hammer tests were carried out.
After the tool was mounted to the machine quill, a uniaxial accelerometer was attached to the
tool. The structure was excited and the frequency determined after an excitation made by the
impact hammer as shown in Figure 1.
For the measurement of vibrations during machining a triaxial accelerometer connected to an
acquisition plate was used. Treatment of the response was performed with the LabView
software. The data were processed in order to obtain mean values at the desired operating /
machining intervals. The cylindrical steel block (1.2738) that had initially the dimensions of
219 mm in diameter and 40 mm in height, composed of a very hard steel (45 Rockwell C of
hardness). The tool inserts have the reference model of WNHU04T310 manufactured by
Palbit®.
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Fig. 1 - Instrumentation for measuring own frequencies (a) Accelerometer (b) PCB
86C03 and (c) NI 4431 USB.

To measure the vibrations produced during the milling process, a triaxial accelerometer (PCB
Piezotronics, model 356B18), placed in the center of the machine axis, was used as close as
possible to the cutting tool (Figure 2). The resulting accelerometer signal was obtained using
an NI-4431 USB vibration signal acquisition board which was then processed through
LabView. The values observed were the amplitude of vibration and the RMS in the
measurement period.

Fig. 2 - Positioning of the triaxial accelerometer to measure the vibrations during the tests.

RESULTS
In order to evaluate the natural machining tool, the impact was exerted with the hammer and
the accelerometer was used to obtain natural tool frequency. The measurement detected
natural frequencies at 99.97, 200, 297.33, 399.33 and 467.33 Hz. Knowing that during the
tests the machine only operated in three different rotations, 2546, 2644 and 3820 rpm, that is,
42.41, 44.04 and 63.63 Hz, respectively. Analyzing Table 3 it is verified that there is no
resonance because all values of the ratio are less than 1, so as already expected the machine
tool set has a good rigidity.
In the Table 4 is represented the Root Mean Square (RMS) in two orthogonal directions,
RMSY and RMSZ, the M value represents the Euclidian norm of vector (RMSY, RMSZ),
determined by:
p = Úupc , upc Ú = ඥupc 7 + upc 7.
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Table 3 - Measured frequencies
Mode

Frequency [Hz]

1
2
3
4
5

99.97
200.00
297.33
399.33
467.33

Ratio
44.04
0.44
0.22
0.15
0.11
0.09

42.41
0.42
0.21
0.14
0.11
0.09

63.63
0.64
0.32
0.21
0.16
0.14

Table 4 - The RMS in two orthogonal directions and respectively Euclidian norm
Test
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Average
RMSY
3.698
5.043
3.902
4.301
4.154
5.419
4.815
10.146
10.432
2.777
2.301
1.949
2.686
2.849
3.090
2.620

RMSZ
8.810
10.922
9.839
10.075
9.059
12.769
9.678
16.709
17.057
8.812
7.631
5.883
8.227
8.784
8.395
7.329

M
9.555
12.030
10.584
10.955
9.965
13.871
10.810
19.548
19.994
9.239
7.970
6.197
8.655
9.235
8.945
7.783

In order to identify the optimum value for z1, z2, z3 and z4, that is, values of cutting speed
(z1), cutting federate (z2), axial depth (z3) and radial depth (z4), where was used the function
f1(x,z) and thirteen tests.
To execute the program through the matlab software, the function f1(x,z) was used in problem
1 and using thirteen (1,2,3,4,5,6,7,9,11,13,14,15,16) of the sixteen tests (these were randomly
selected). In the verification tests (EV1, EV2) in Problem 1, it was solved by the Nelder-Mead
method and in Problem 2 it was solved by the Genetic Algorithm method. A third verification
test (EV3) was also performed, however, it was verified that the values obtained were very
similar to those already in existence, and would therefore present similar vibration values to
the tests already performed.
From the implementation of these problems resulted the input values and the vibrations
presented in Table 5.
From the Table 5, is possible verify that for the verification tests EV1 and EV2 the values of
RMS are very similar, 8.9 m/s2 and 8.5 m/s2, respectively and these values are very low
compared with the random tests. So, for the present study, the response surface method using
the Nelder-Mead and the Genetic Algorithm techniques proved to be a good optimization
method for minimizing the vibration in milling process.
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Table 5 - Vibrations obtained through verification tests and respective input parameters
Tests

z1

z2

z3

z4

z5

1

2546

1018.4

0.1

2.0

9.6

2

2546

1018.4

0.1

4.0

12.0

3

2546

1018.4

0.4

2.0

10.6

4

2546

1018.4

0.4

4.0

11.0

5

2546

4584.0

0.1

2.0

10.0

6

2546

4584.0

0.1

4.0

13.9

7

2546

4584.0

0.4

2.0

10.8

9

3820

1018.4

0.1

2.0

20.0

11

3820

1018.4

0.4

2.0

8.0

13

3820

4584.0

0.1

2.0

8.7

14

3820

4584.0

0.1

4.0

9.2

15

3820

4584.0

0.4

2.0

8.9

16

3820

4584.0

0.4

4.0

7.8

EV1

2546

4440.7

0.1

2.0

8.9

EV2

2644

4272.5

0.3

2.0

8.5

CONCLUSION
The response surface method is an optimization method that could be used to optimize the
milling parameters which minimize the vibrations during the machining process.
This method converges very quickly for optimal parameters which is an interesting
optimization method because with less experimental tests it is possible to obtain good results.
With the Response Surfaces method, good vibration results were verified in the first two tests
(EV1 and EV2) and the optimization process was stopped due to the values obtained being
similar.
The values of RMS for EV1 and EV2 vibration tests are 8.9 m/s2 and 8.5 m/s2, respectively.
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ABSTRACT
The aim of the paper is to bring in a system the variability of materials to create a better
understanding and management of safety, risk and reliability of aircraft composite structures.
The uncertainty of the structures in engineering, material and environmental engineering will
be addressed.
Keywords: system analysis, events, material property, composite structures.
INTRODUCTION
A probabilistic interpretation, of the uncertainties parameters as allowable, impact,
environment and moisture effects, helps to reduce incorrect assumptions penalizing the
performance of composite materials. The analysis needs to be done using probabilistic
approach; it is not possible to do with traditional deterministic methodologies. In the design
phase of an aircraft the variability of uncertainties is firstly neglected but successively covered
using safety and knock down factors, in order to avoid a failure before ultimate load at service
condition. Here the question arises: “How are considered, in the deterministic and
probabilistic methods, the uncertainties?”
In general, the uncertainties are characterized by the PDFs, in the probabilistic approach and
in the deterministic analysis with safety factors. The main factor to cover most of the
uncertainties, that will affect the strength of a structure, is a called “safety factor”, and
additional knock down factors are used to cover others lack of knowledge. The safety factor,
defined in 1930, includes unknown uncertainties and approximations in deterministic analysis
(FAA, 1999). The availability of the sources of knowledge can be used to define the statistical
representation of variables PDFs. In general, the allowable of the materials represents
respectively the 1% and the 10% of the entire data under the probability distribution function
with 99% and 90% probability (percentile) of occurrence. The likelihood of material
property, environmental condition and ageing are defined with statistical characterization with
95% confidence intervals and the reliability is defined considering the system process. The
analysis is done in a stepwise process: definition of events, characterization, quantification
and propagation of uncertainties, identification of failure modes under loading conditions to
the end evaluation of the failure probability. The probabilistic analysis remains to formulate
expressions defining the stress/load on the structure and the resistance to strength/ applied
load of the structure.
The uncertainty propagation method is a powerful tool for screening. A system to propagate
the uncertainties stochastically, across a chain of coupled analysis can be used to describe the
structural problem of failure events. In the present work only some events are considered in
the reliability analysis.
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RESULTS AND CONCLUSIONS
The problem is addressed to optimize the damage tolerance concept, with a given confidence
levels. In a generic method, the allowable are defined considering the lower test 10% where
90% confidence interval will not be breached. The analysis is determined including the
external loads, and calculated probabilistic failure using the allowable. In Figure 1 different
coefficient of variation (CV) versus the Pf shown the influence of the CV and the
deterministic value (Pf=1E-9) represented in bold.

Fig. 1 - Comparison of the Pf with different CV

In the approach the values do not exceed 90% confidence level. It is the reason why
additional tests sometimes cannot improve/change the allowable. In fact, in a deterministic
analysis, the results are not influenced of the CV the value is defined a priori.
An improvement in the production of the composite and a reduction of defect could help to
improve the allowable respecting the safety requirements. A main part of the paper was to
evaluate the failure probability and the integrity of a structure, which is not possible with the
deterministic way. The study and the hypothesis give’s a decision-making to eliminate the
knock down and environmental factors.
These worst case assumptions demonstrate to lead to an excessively conservative design. The
benefit of probabilistic analysis is the information gained in understanding the interactions,
effects, and sensitivities of design variables. The application of the proposed method can help
the conservative and arbitrary assumption hidden in the general deterministic approach.
This methodology can be extended to optimize testing for various purposes, and highlight the
need to tighten/relax manufacturing tolerances.
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ABSTRACT
This work compares the coronary artery hemodynamics, considering rigid and deformable
arterial wall throughout a cardiac cycle. A patient-specific study was performed using
computational fluid dynamics (CFD) and fluid-structure interaction (FSI) method. The
simulations were run through an In-House OpenFOAM software and the commercial
ANSYS® software for validation. The velocity magnitude, at systolic peak, was achieved in
several locations, considering CFD and FSI. The major difference was verified in the
bifurcation. The dynamic behavior results in a global reduction of 3.5% due to the increase of
the fluid domain.
Keywords: fluid-structure interaction, hemodynamics, coronary artery, computed
tomography.
INTRODUCTION
Cardiovascular diseases have been one of the leading cause of mortality in humans in the
worldwide (Mozaffarian et al. 2015). From clinical practice, specific sites in the circulatory
system are sensitive to the development of atherosclerosis - accumulation of lipoproteins and
other fat substances inside the artery and near the wall. This disease blocks the normal
circulation of blood flow. The computed tomography (CT) images of coronary arteries
provide information about the geometry and the location of the disease. However, the CT
scans do not explain the hemodynamics. In this way, numerical studies of blood flow have
gained importance and can contribute, as an auxiliary tool, for the prevention and treatment of
such diseases.
The left coronary artery (LCA) is a complex artery with many curvatures, bifurcations and
roughness. As far as we know, patient-specific studies of the LCA hemodynamics is few
explored with conditions as close as possible to the realty. Many studies considered rigid wall
of the arteries as simplification (van der Giessen et al. 2011, Chaichana et al. 2013, Xie et al.
2014). The goal of the present work is to validate and conclude about the differences in the
hemodynamics considering two different modeling, rigid wall and deformable vessel wall, the
last one using a fluid-structure interaction method (FSI).
3D GEOMETRY AND MESH RECONSTRUCTION
The CT images sequence of a LCA case were analysed through the image processing software
for 3D design - MIMICS®. From the axial view image sequence of the heart (Figure 1a) the
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aorta, the left main steam (LMS), left anterior descending artery (LAD), and the left
circumflex artery (LCx) were selected and segmented (Figure 1b). Then, the software
automatically obtained the 3D mask and the centreline for the LMS and branches (Figure 1c).
The high roughness arising from the segmentation process was reduced using the Materialise
3-Matic® software. The solid domain, defining the artery wall, was obtained by extruding
outwards the fluid domain (Figure 1d) and selecting a constant wall thickness equal to 0.5 mm
(Guerciotti et al. 2017). Both domains were discretized with tetrahedral elements (Figure 1e)
using Meshing ANSYS® software. Several mesh tests were performed in order to achieve
accurate simulations.

Fig. 1 - a) axial view of the heart - aorta, b) segmentation of the LMS, LAD and LCx, c) 3D mask
and centerline of the LMS and branches, d) 3D geometry with the arterial wall, e) tetrahedral mesh
of solid and fluid domains.

BLOOD AND ARTERIAL WALL PROPERTIES
Blood was considered an isotropic, incompressible and homogeneous fluid with constant
density,  , equal to 1060 kg/m3 (Pinto et al. 2018). The shear-thinning blood behavior, nonNewtonian fluid, was modulated through Carreau model which properties are well defined in
the literature at homeostatic temperature, 37ºC (Pinto et al. 2018, Zhang et al. 2016):
    

 1      /

(1)

 is the blood viscosity,  the infinite shear viscosity (0.00345 Pa.s),  the zero shear
viscosity (0.0560 Pa.s),
the relaxation time (3.313 s),  the shear rate (s-1), and  a
characteristic constant of the flow (0.3568).
The arterial wall was considered as an isotropic, homogeneous, incompressible and non-linear
material through the 5-parameter Mooney-Rivlin hyperelastic constitutive model (Karimi et
al., 2014; Gao et al., 2009):
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 and  are the first and second strain invariants;  (-4.020 MPa),  (4.321 MPa),
 (18.401 MPa),  (-51.856 MPa) and  (39.105 MPa) are the hyperelastic constants
describing the deformation;  is the incompressible parameter (2.434 MPa-1); and  is the
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elastic volume ration. The arterial wall density, ρw, was considered constant and equal to 1120
kg/m3 (Gao et al., 2009).
BOUNDARY CONDITIONS
A physiological velocity and pressure transient profiles assembled using Fourier series were
implemented in the model (Figure 2). At the inlet, the transient Womersley velocity profile
which is time-dependent and radius-dependent was imposed (Pinto et al., 2018):
#$ %

 , "  &'(% )1
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/

*+ ,& -/% ( 0
*+ & -/% (

1 2 &34

(3)

The pressure waveform considered in all the system outlets is also time-dependent (Figure 2).
For a healthy individual, the pressure at systolic peak (maximum velocity) is around 120
mmHg while the pressure at the diastole (pdiastole) is 80 mmHg (Figure 2). Since the CT
images were captured at diastolic phase, the temporal pressure gradient applied, P (t), was set
(Torii et al., 2009, Park et al., 2011) in order to maintain the vessels pressurized:
P (t) = p (t) - pdiastole

(4)

Fig. 2 - Mean transient velocity profile, 58
67 , at the inlet, and pressure waveform, 9, at the outlet sections.

Furthermore, all the degrees of freedom from all the nodes in the inlet and the outlets faces
were constrained.
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FLUID-STRUCTURE INTERACTION METHOD
The simulations, performed in ANSYS® software (Ansys Inc., Swanson, Canonsburg, USA)
and in the In-House OpenFOAM® software, were result of the interaction between the CFD
and the structural model, solved independently.
For ANSYS® simulations, SIMPLE algorithm was used, in the CFD model, to solve the
velocity-pressure coupled equations; and QUICK and PRESTO schemes were used,
respectively, to discretize the momentum and pressure term (Park et al., 2011). Once the fluid
domain has been solved and converged, the calculated pressure gradient is transferred to the
fluid-structure interface, where the structural domain calculates the resulting displacements.
After the converged solution, the fluid mesh is updated through a diffusion-based smoothing
method.
The In-House OpenFOAM code is an open-source written in C++ and uses an object oriented
approach which makes it easy to extend. The numerics implemented in the In-House
OpenFoam uses the Finite Volume Method on unstructured meshes.

RESULTS AND CONCLUSIONS
The overlap of the In-House OpenFOAM profile with the Ansys® profile, using FSI method,
shows the accuracy and validation of the results (Figure 3b). The velocity magnitude, at
systolic peak, was achieved in several locations (Figure 3a) in order to better understand the
differences and the importance of the arterial wall deformation (FSI) comparatively to the
rigid model (CFD).

Fig. 3 - Comparison between the velocity profiles and the mean velocity using CFD and FSI
models. (a) in several locations; (b) in the bifurcation detail.

Near the inlet and outlets, the contours are identical due to the fixed constrain applied (Figure
3a). However, in the bifurcation, the profiles differ significantly (Figure 3). The dynamic
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behavior results in a global reduction of 3.5% due to the increase of the fluid domain during
the pulsatile flow: higher sectional area leads to a smaller mean velocity.
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ABSTRACT
The present work assess, through a statistical study, the correlation between geometric
parameters of the left coronary artery of eight patients and the potential effect to
atherosclerotic plaque deposition in both left anterior descending artery (LAD) and proximal
artery LAD, allowing a better clinical practice. The tendency to develop atherosclerosis
appearance is evaluated through the relative residence time (RRT) descriptor. Fluid-structure
interaction (FSI) simulations were performed for a hemodynamic study in non-simplified invivo geometries of eight healthy patients. RRT increases in LAD and proximal LAD (prone
regions of atherosclerosis appearance) when the left main steam (LMS) cross-sectional area,
the tortuosity between LMS-LCx and the angles LMS-LAD / LAD-LCx increase. RRT also
increases when the proximal LAD length and the curvature of LMS decrease.
Keywords: left coronary artery, plaque deposition, geometric measurements, relative
residence time, fluid-structure interaction, statistical study
INTRODUCTION
Cardiovascular diseases are the main cause of human death, globally corresponding to 31% of
all deaths worldwide (Mozaffarian et al., 2015). The clinical practice has shown that specific
locations in human circulatory system are more propitious to atherosclerosis development accumulation of lipoproteins near the artery wall. This disease disturbs the normal circulation
of blood. The computed tomography (CT) scans of patient coronary arteries provide the
necessary information about the geometry and the site of the disease; however do not explain
with detail the hemodynamics. By this way, numerical simulations of blood flow can
contribute as an auxiliary tool for the prevention and treatment of this disease.
The left coronary artery (LCA), with diameter lower than 4 mm, is a complex artery with
many bifurcations, curvatures and roughness. As far as we know, no study in the literature has
assessed a statistically relevant study on the LCA geometric parameters and their influence in
the hemodynamic descriptors, using a numerical code which simulates blood flow as close as
possible to the reality. Malvè et al. (2014) performed a statistical analysis where the tortuosity
was correlated with low wall shear stress using several simplifications like rigid wall of the
artery (CFD) and a simplified reconstructed geometry. Authors of the present paper go ahead
using a fluid-structure interaction (FSI) analysis for a hemodynamic study in non-simplified
in-vivo geometries of eight healthy patients. Therefore, the goal is to assess whether or not the
most relevant geometric parameters - cross-sectional areas, proximal LAD length, tortuosity,
curvature, angles between the branches - are correlated with the risk assessment of atheroma
plaque formation in both LAD and Proximal LAD, allowing a better clinical practice.
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STUDY POPULATION
Healthy subjects with right-dominant coronary circulation were selected to be part of this
study: total of 8 cases - 5 males and 3 females (Figure 1). The database was kindly provided
by the Cardiovascular R&D Unit of the Medicine Faculty of the University of Porto.

Fig. 1 - 3D patient-specific LCA geometries reconstructed through MIMICS® software from CT scans. Left
main steam (LMS), Left Anterior Descending Artery (LAD), Left Circumflex Artery (LCx).

GEOMETRIC MEASUREMENTS OF THE LCA
The selected geometric parameters for the assessment are:
-

Cross-sectional area of the LMS, LAD and LCx;
Length of the proximal LAD (l), Figure 2(a);
Bifurcation angles (:;<=;>?, :;<=;@A , :;>?;@A ), Figure 2(b);
Angle between a branch and the septum (:;>?=BCDEF , :;@A=BCDEF ), Figure 2(b);

- Curvature at the beginning of each branch (G;<= , G;>? , G;@A ), Figure 2(b);
- Tortuosity between branches (H;<=;>? , H;<=;@A , H;>?;@A ), Figure 2(c).

Fig. 2 - (a) 3D mask of Patient 1 and its centerline; (b) Angles (IJKLJMN , IJKLJOP ,
IJMNJOP , IJOPLQRSTU , IJMNLQRSTU ) and curvature (VJKL , VJMN , VJOP ); (c) tortuosity definition (W).
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The main bifurcation region, where measurements were obtained, was considered quasicoplanar since the sum of all the bifurcation angles was close to 360º (360.5º ± 0.9º). The
tortuosity parameter was calculated between two points of interest in the study branches
(Malvè et al., 2014, Zakaria et al., 2008):
H %  Y1

Z[\]

[\]

^ _ 100

(1)

&a is the distance along the centerline and b&a is the corresponding shortest distance
between c and d, Figure 2(c).
NUMERICAL METHOD AND BOUNDARY CONDITIONS
A fluid-structure interaction (FSI) analysis, through ANSYS® software, was used to obtain
the hemodynamics and wall shear stress-based descriptors, in non-simplified in-vivo
geometries of healthy patients.
To simulate the hemodynamic behaviour, as real as possible, transient velocity and pressure
profiles were imposed (Dong et al., 2015). At the inlet, a Womersley velocity profile was
considered, allowing a variable velocity along the time of the cardiac cycle and according to
the vessel radius (Pinto et al., 2018). At the outlets, the transient and uniform pressure profile
allowed to mimic the pressure pulse, essential to the vessel deformation. Structurally, all
degrees of freedom from all nodes at the inlets and outlets faces were constrained.
Blood was considered an isotropic, incompressible (  1060 kg/m3) and non-Newtonian
fluid obeying to the shear-thinning Carreau model (Pinto et al. 2016).

Arterial wall was considered an isotropic, homogeneous, incompressible (f  1120 kg/m3)
and non-linear material described by the 5-parameter Mooney-Rivlin hyperelastic constitutive
model (Karimi, et al., 2014).
RESULTS AND CONCLUSIONS
Figure 3 shows the relative residence time (RRT) spatial distribution, a commonly used wall
shear stress hemodynamic descriptor, for each patient case in study. Regions closer to 8 Pa-1
are considered prone to atherosclerotic plaque formation (Pinto et al., 2016). Generally,
higher RRT are found near bifurcations and at LAD branch.

Fig. 3 - RRT spatial distribution for each heathy patient-specific LCA artery - front view determined through FSI simulation.
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A linear regression was performed to study the dependence of the RRT descriptor in each
geometric parameter: cross-sectional area of the LMS, proximal LAD length, tortuosity,
curvature and angles between the branches. The statistical relevance and significance of each
parameter was evaluated through the Pearson correlation coefficient (r).
A higher LMS cross-sectional area shows an upper RRT, increasing the probability for
atherosclerosis plaque formation in LAD (r = 0.85) and proximal LAD (r = 0.88). Also, a
lower proximal LAD length induces a higher turbulence, increasing RRT (r = -0.41).
However, a higher tortuosity between LMS-LAD implies a reduction of the RRT descriptor (r
= -0.56) in LAD. Oppositely, when tortuosity increases between LMS-LCx, RRT growths in
LAD (r = 0.64), increasing the prone regions to atherosclerosis appearance.
A high curvature in LMS reports a reduction of LAD flow (r = -0.87) and a decrease of RRT
in LAD (r = -0.52) and in proximal LAD (r = -0.60), reducing the prone regions to
atherosclerosis. Nevertheless, a higher angle LMS-LAD and LAD-LCx increases RRT in
proximal LAD (r = 0.49 and 0.57) and the tendency to atherosclerosis.
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ABSTRACT
The present study emphasises the importance of the blood elastic property in the
hemodynamics of patient-specific left coronary arteries. An In-House OpenFOAM® code
was developed to take into account the blood flow as real as possible. At systolic peak,
highest inlet velocity, differences in the velocity profiles are observed, considering Multimode PTT model (shear-thinning and blood elastic effects) or Carreau model (only shearthinning effect). In arteries with small diameter, as coronary arteries, the elastic blood
behavior has an important role on the blood flow pattern.
Keywords: blood elastic property, hemodynamics, coronary artery, Multi-mode PTT model,
OpenFOAM®.
INTRODUCTION
Cardiovascular diseases are, nowadays, one of the main causes of death, in humans, in
developed countries (Mozaffarian et al., 2015). The clinical practice shows that specific sites
in human circulatory system are sensitive to atherosclerosis development. The artery narrows
due to the accumulation of lipoproteins inside the artery and near the wall. The medical scans,
provided by the hospitals, give information about the geometry and the location of
atherosclerosis disease. However, the images do not explain the hemodynamics which
numerical simulations can describe in detail. Numerical studies have gained importance as an
auxiliary tool for the prevention and treatment of such diseases. In the literature (Alastruey et
al., 2011, van der Giessen et al., 2011, Chaichana et al., 2013), numerical studies of left
coronary arteries (LCA) do not consider, simultaneously, all the blood properties: elastic
property of blood, shear-thinning blood behavior, pulsatile flow, fluid-structure interaction.
The present work presents an In-House developed software which simulates, as real as
possible, the blood flow. A constitutive equation model, Phan-Thien-Tanner (PTT) Model,
taking into account the blood elastic behavior, was implemented in OpenFOAM® code and
validated. The goal of the paper is to conclude about the importance of considering the blood
elastic property in the hemodynamics of patient-specific left coronary arteries.
NUMERICAL MODEL
A patient-specific LCA geometry is represented in Figure 1: a healthy artery with diameter
equal to 3.6 mm at the inlet. The 3D geometry was created in MIMICS® software and, then,
imported to ANSYS® to generate a refined tetrahedral mesh. The mesh was then supplied to
OpenFOAM® for numerical simulations.
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Fig. 1 - 3D representation of a patient-specific left conorary artery (LCA).Left Main Steam (LMS),
Left Anterior Descending Artery (LAD) and Left Circumflex Artery (LCx) of the LCA.

In the open source code OpenFOAM®, the constitutive equation, describing the blood
rheology, was implemented, and à posteriori solved, simultaneously, with the conservative
equations.
The mass and momentum conservative equations are:
∇ ⋅ (U ) = 0

(1)

∂ ( ρU )
+ ∇ ⋅ ( ρU.U ) = −∇p + ∇ ⋅ τ S + ∇ ⋅ τ P
∂t

(2)

U is the velocity vector, ρ the mean density and τ S the stress tensor of the solvent part defined

by:
(3)

τ S = 2η S D

where ηS is the solvent viscosity and D the deformation rate tensor:
D=

(∇U + [∇U] )
2

1

T

(4)

The stress tensor of the polymeric part, τ P , is well-defined by a constitutive equation. Several
constitutive equations, demonstrating the elastic behavior of a fluid, are cited in the literature
(Favero, 2009): Oldroyd-B, Giesekus, FENE (Finite Extensible Nonlinear Elastic), PTT
(Phan-Thien-Tanner) linear, exponential or multi-mode, DCPP (Double Convected PomPom), etc. The one chosen and implemented in the OpenFOAM® code was the Multi-mode
PTT model. The respective parameters for blood at 37 ºC are well defined by Campo-Deaño
et al. (2013).
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Pulsatile blood flow was considered and is represented in Figure 2 for three cardiac cycles.
The systolic peak (maximum velocity in the cardiac cycle) can be observed.
As Dong et al. (2015), the time-dependent velocity and pressure profiles of physiological
pulsatile flow and pressure waveforms were assembled using Fourier series in Matlab®
software (MathWorks Inc, Moler, Massachusetts, USA).
A time-dependent and radius-dependent inlet velocity profile was imposed in order to be
instantaneously fully developed. A time-dependent and constant-radius pressure wave was
imposed at the outlet branches.

Fig. 2 - Mean inlet velocity profile,

U inm , and outlet pressure profile, p, throughout three cardiac cycles.

RESULTS AND CONCLUSIONS
Velocity fields at systole peak, maximum velocity of the cardiac cycle, considering elastic
behavior of blood (Multi-mode PTT Model) and without elastic behavior (Carreau Model)
are represented in Figure 3 (middle plane representation of the 3D coronary artery).

Fig. 3 - Velocity field U (m/s) at systolic peak considering a) Carreau Model (only shear-thinning
blood behavior; b) Multi-mode PTT Model (shear thinning and elastic blood behavior).

-1161-

Symp-10: Biomechanics of Cardiovascular and Orthopaedic Disease

Fig. 4 - Velocity profiles U (m/s) and Shear Stress (γ) along Y Coordinate (m) near the LMS inlet and in the
bifurcation region.

Fig 5 - Apparent viscosity (η) vs. Shear Rate (γ) using Carreau model for blood rheology (Yilmaz and
Gundoglu et al., 2008), Multi-mode PPT model (Campo-Deaño et al., 2013) and blood experimental data
(Valant et al., 2016).
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Near the LMS inlet (Line 1 of Figure 3), the velocity profiles, taking into account the Multimode PTT model or Carreau model, are similar. The inlet pulsatile flow is the same for both
cases and the effect of blood elastic behavior is not developed at this location. The shear
stress values are in the range [17-597] s-1 (Figure 4a). In this range, both Carreau and Multimode PTT models fit well blood experimental data (Figure5).
In the bifurcation region (Line 2 of Figure 3), different profiles are observed concerning
Multi-mode PTT or Carreau model. The differences are due to the elastic behavior of blood
in small arteries where shear rate presents low values. Shear rate values are in the range of
[1.9-13] s-1(Figure 4b). For this range, Multi-mode PTT model fits quite well blood
experimental data while deviations are observed for Carreau Model (Figure 5).
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ABSTRACT
The lumbar spine is one of the more complex structures of the human skeleton and the
incidence of failure that may result from trauma or degenerative diseases is high. The
knowledge of the lumbar spine kinematics is a very important tool for many clinical
applications such as diagnosis, treatment and surgical interventions and for the development
of new spinal implants. A nonlinear 3-dimensional finite element model of the L4-L5
functional unit is used to study the kinematic stability of a minimally invasive surgical
approach for lateral lumbar interbody fusion. In this work the simulation of the direct lateral
and posterior fusion of L4-L5 spine unit is performed using the finite element (FE) method.
Keywords: Finite element method, lumbar spine, Oracle Cage system, minimally invasive
lumbar fusion, lateral lumbar interbody fusion.
INTRODUCTION AND METHODOLOGY
Degenerative disc diseases and spinal instabilities, pseudoarthrosis or failed spondylodesis,
degenerative spondylolisthesis and isthmic spondylolisthesis are lumbar pathologies with
indicated segmental spondylodesis. The comparison of different surgical approaches for
lumbar interbody fusion like lateral and posterior approaches may help clinicians to
understand the initiation and progression of disc degeneration and to treat lumbar discopathy
problems even more effectively.
The Oracle Cage system is a modular and comprehensive set of implants and instruments
designed to support a direct lateral approach to the lumbar spine (Synthes GmbH).

Fig. 1 - Lumbar interbody fusion using the direct lateral approach: Oracle cage insertion and
supplemental fixation.
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The direct lateral approach shown in Figure 1, is a minimally invasive approach that avoids
direct exposure of the anterior vessels, posterior nervous and bony structures (Yuan et al.
2014; Talia et al., 2015). The Oracle Cage implant (Figure 2) is intended to replace lumbar
intervertebral discs and to fuse the adjacent vertebral bodies together at vertebral levels L1 to
L5. It is inserted via the lateral approach and is intended to be used in combination with
supplemental fixation. Before Oracle Cage insertion, it is necessary to remove disc material
from the intervertebral space. In order to prevent any risk of damaging vital structures, it is
recommended to keep intact a few millimeters of the annulus on both anterior and posterior
sides. The anterior and the posterior longitudinal ligaments (ALL and PLL) must also stay
intact in all cases.

Fig. 2 - Oracle Cage anatomic shape and finite element mesh.

The implant is available in 4 medial/lateral lengths, 5 heights, and 2 sagittal profiles to
accommodate various patient anatomies. It is manufactured from a biocompatible polymer1
material embedded with four radiopaque marker pins, which allow the surgeon to
radiographically determine the exact position of the implant, both intraoperatively and
postoperatively. The implant large central canal accommodates autogenous bone graft or bone
graft substitute to allow fusion to occur through the cage. The modulus of elasticity of the
polymer is approximately between cancellous and cortical bone, which enables adequate
compression of autograft in and around the implant, to aid in stress distribution and load
sharing.
Table 1 - Mechanical Properties of Ligaments
Young Modulus
E [MPa]

Poisson Ratio
ν

Section Area
[mm2]

Number of
Elements

Anterior Longitudinal ALL

20

0,3

53

5

Posterior Longitudinal PLL

20

0,3

16

5

Intertransverse ITL

60

0,3

1,8

4

Interspinous ISL

10

0,3

26

6

Supraspinous SSL

10

0,3

23

3

Flavum LF

20

0,3

67

3

Capsular Ligament CL
Ref. (Moramarco et al. 2010)

8

0,3

43,8

6

Ligaments

Then the definition of the intervertebral disc and ligaments, and the assigning of material
properties to each element of the FSU were performed. Due to its lower density, the
intervertebral discs are not visible in a CT. The geometry of the disc was defined using the
lower surface of L4 and the upper surface of L5. A plane was defined slightly above the lower
surface of L4 and the disc geometry was obtained, by extruding the elliptical sketch in
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direction to L5, and extending slightly below the superior endplate of L5. The disc was
partitioned into two regions: the inner nucleus pulposus and the peripheral annulus fibrosus
taking into account the volumetric ratio 3:7, respectively.

Fig. 3 - L4-L5 functional unit: vertebrae and oracle cage finite element mesh.

Fig. 4 - Finite element model of the L4-L5 functional unit.

Figure 3 shows the Oracle Cage position and Figure 4 the FE model of the L4-L5 functional
unit used for the numerical simulations. A few millimeters of the annulus were kept intact on
both anterior and posterior sides as it is recommended, in order to prevent any risk of
damaging vital structures.
Boundary conditions were defined according literature (Kuo et al., 2010, Moramarco et al.
2010, Weisse et al.). On the inferior endplate of the L5 vertebra, all nodes were constrained
from moving in any of the three mutually perpendicular directions. In order to apply the loads
a point load was applied to a reference point in the centre of the superior surface of L4, which
was connected to all the nodes of the superior endplate surface by kinematic coupling.
RESULTS AND DISCUSSION
Finally, the model was solved using Abaqus Explicit. Considering the load case compression,
a load of 500 N was applied to the reference point. Figure 5 presents the displacement field
where vertebra L4 and the spinous processes present the grater axial displacement.
Numerical simulations of lateral lumbar interbody fusion present low costs and no risks to the
biological tissue (bone), and they are able to provide data that allow the prediction of surgery
outcomes as the most stressed parts of the discs, corresponding to areas prone to damage.
Simulation of orthopedic spine surgeries can also be used to optimize implants, which may
help reduce post-surgical complications and recovery.
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Fig. 5 - Displacement field of the L4-L5 functional unit.
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ABSTRACT
Carotid Doppler ultrasound and imaging are focused on the visualization, identification and
measurement of vessels and blood flow providing critical diagnostic information on
symptomatic or asymptomatic stenotic or embolic accidents. Ultrasound imaging is a
complicated interplay between physical principles and signal processing methods. In this
work the development of a new algorithm for vessel identification and image segmentation in
ultrasound images is reported. A fully automatic technique based on pixel intensity
distribution alleviates the laborious and time consuming manual measurement and
classification of the carotid artery.
Keywords: ultrasound images, vessel detection, image segmentation, artificial neural
networks.
INTRODUCTION
Carotid sonography, a fast and inexpensive technique, is extremely useful in medical
applications such as deep venous thrombosis detection, anesthesia guidance and catheter
placement. The goal of vessel detection in carotid ultrasound images is to identify the position
and size of blood vessels in the image. Previous methods developed for detection and
measurements of carotid arteries in longitudinal ultrasound images has been reported and
successfully considered for medical purposes (Sousa et al., 2014). Detection and
measurements of carotid arteries in transversal ultrasound images is the main issue having
problems distinguishing vessels from non-vessels when varying user settings, such as gain, on
the ultrasound scanner, or due to increased amounts of reverberation artifacts (Castro et al.,
2017). The new proposal is to use an ellipse fitting method to find vessel candidate regions
which are passed on to a neural network classifier which determines if the region contains a
vessel or not. The proposed methodology enables detection of multiple vessels and also it can
be used as vessel measurement tool assuming the vessel presents an elliptical shape.
METHODOLOGY
Segmentation of acquired B-mode transversal images is due to identify cross sectional lumen
areas of the carotid arteries. These complex images introduce a further challenge of poorly
defined discontinuous walls as they present more artefacts caused by speckle noise. Images
suffer from a refractive phenomenon of ultrasound (US) waves caused by the wall which
distorts and impoverishes their quality (low contrast and noise). Moreover, transverse
acquired images have different topologies and different cross-sections different branches of
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the carotid artery and bifurcation. The difficulty associated to analyze US transversal images
is one reason why there is almost no published research work on cross sectional segmentation
of acquired B-mode transversal the carotid arteries (Pinho et al., 2017). Figure 1 provides an
overview of the steps involved in the previous method. An elliptic vessel model is used to
find vessel candidate regions in the ultrasound image creating individual sub-images from the
ultrasound image for each vessel candidate.

Fig. 1 - Lumen segmentation main steps: (a) Selection of the region of interest; (b) Circle
imposition and contrast enhancement; (c) Identification and lumen segmentation.

The vessel model used in the proposed method assumes that the vessels are elliptical which
often holds true for arteries. Vessels usually are compressed in the vertical direction, due to
pressure from the ultrasound probe applied by the radiologist.
In cases where the arterial wall is poorly defined, the topology of the automated contour in
these regions is entirely defined by a circular region of interest imposition, which inserts
variability in the algorithm and also interferes in the lumen contour found by the algorithm. A
new methodology of automatic segmentation of the lumen in transversal ultrasound images of
the carotid artery is discussed here. The methodology consists of three main stages. The first
stage consists on the implementation of pre-processing and processing image techniques on a
transversal ultrasound image to extract the coordinates of the contours of the carotid artery.
The second stage has the objective of applying a smoothing algorithm to the coordinates of
the contours using the Bezier curves to generate the geometric model. The third stage feeds
the neural network classifier which determines if the region contains a blood vessel or not.
The first stage is composed by two main steps. Firstly, the region of interest in the image is
binarized and structures smaller than 1% of the total number of image pixels are discarded
since they are most likely assigned as noisy artifacts. The process of identifying the lumen
consists in maximizing a function composed by three parameters: circularity index,
irregularity index and center index. This methodology has been suggested by Jodas et al.
(2018). Circularity indexes are commonly used to quantify the roundness of regions in images
and can be used to find the region with the maximum roundness, the larger the mean
roundness, the more circular the region is. The irregularity index is used to avoid regions with
irregular contours: comparing the shortest diameter and the greatest diameter of the same
contour if the difference is equal to 0 (zero) or close to it, the irregularity index decreases,
thus, the boundary is due to be more regular. Since the medical team, images vessels located
close to the center of image, a center index is used to avoid regions distant from the center of
the input image. The distance between the center coordinates of the image and the center
coordinates of each segmented region is calculated and used as a term to maximize the
likelihood of finding the lumen of the carotid artery under study. Maximizing roundness and
the inverse of irregularity plus center index has been considered as suggested previously:
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Fig. 2 - Identification of the carotid lumen by maximizing three parameters: circularity index, irregularity index
and center index: (a) Selection of the region of interest; (b) Lumen identification; (c) Carotid lumen assignment.

Secondly, each pixel is labeled by associating a value of gray level (between 1 and 255),
differentiating lumen and vessel contour. This way, regions of the image that are not
associated with the carotid arteries will be discarded. Subsequently, the contour extractor uses
a control variable to identify whether a pixel belongs to the contour or not and the coordinates
of the pixels identified as contour are stored.
The second stage considers the geometric modeling of the vessel wall using Bezier curves.
For each contour, pixels are classified in two subsets: Sup and Inf based on the y-direction, as
the Bezier curves are not capable of generating closed trajectories. Therefore, a Bezier curve
is achieved for Sup and another curve for Inf and at the end, both curves are joined keeping
the continuity in a single curve that represents the vessel contour.
The next step of the proposed method is to send each vessel candidate image through a deep
convolutional neural network classifier to determine if the image belongs to a blood vessel.
Vessel candidate images of blood vessels and other non-vessel structures were used for
training the neural network.

Fig. 3 - Overview of the proposed developed artificial neural network: sub-images are then passed on to a neural
network which identifies the sub images belonging to vessels, and discards those that are not of vessels

An underlying framework both for training and testing of the classifier were acquired by
scanning different subjects with varying image quality and different ultrasound acquisition
settings. Every frame was run through the vessel candidate search step and the resulting
images were stored on disk. There is no theoretically sound way of choosing the optimal
architecture for each separate model. The considered network has one hidden layer with N
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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 To increase the amount of training data, all vessel candidate images were
flipped horizontally, effectively doubling the amount of training data.
DISCUSSION
The vessel model used in the proposed method assumes elliptical shapes, what often holds
true for arteries. Since vessels usually are compressed in the vertical direction, due to pressure
from the ultrasound probe applied by the user, including rotation in the vessel candidate
search reduces runtime performance and training data set. With ultrasound imaging, a large
amount of unlabeled data can easily be acquired from the target body regions. Thus,
unsupervised pre-training will be a useful technique within ultrasound imaging. 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
The development of a new control system for a medical wrist rehabilitation device consists
basically in the design of an intuitive controllable mechanism that aims to accept the
parameters defined by the user and to respond adequately to that request. Two motors (a
brushless motor “AEO A2830” and a stepper motor “Superior Electric M062”) are controlled
by an Arduino development board, which receives and processes the instructions for the
motors as well as for the acquisition software developed in LabVIEW (by National
Instruments™). Two methods were used to define the interface between the user and the
rehabilitation mechanism, one of which is oriented to the electronic hardware and other one to
the data acquisition software: the commands and instructions are addressed to the first one,
while all the information is collected and registered on the second one. Since such
rehabilitation mechanisms already exist, it is intended that the drawbacks of such equipment
should also be addressed in the purpose of this study, complementing a gap in the health area.
Keywords: rehabilitation, proprioception, arduino, LabVIEW, control.
INTRODUCTION
The design of the device was focused on the dynamics of the wrist/hand, which comprises a
certain number of degrees of freedom. The constant search for improvements enabled to find
some existing drawbacks in the current stage of the equipment to help the rehabilitation and
treatment of the wrist. Uncontrolled rehabilitation devices are, most of the times, basic
adaptations from other applications. Controlled devices deal with the dynamic aspects of the
wrist, but do not apply active forces on the fingers, their tendons and associated nerves
(Leiras, 2017).
THE WRIST REHABILITATION DEVICE
The designed device will not cause any damage on the wrist, since it uses a low torque motor,
capable to perform angular movements at lower speeds and applying lower forces. Enabling
different grabbing positions of the ball to move the wrist around the motor axis, this device
simulates different natural movements of the wrist. The use of vibrations can also help on the
rehabilitation of this member (Martimbianco, 2008). Such functionality is present on the
device since it’s possible to uncouple the “ball” component, enabling this type of
rehabilitation. This procedure it’s also used for relaxation purposes and sensory modification
through the proprioception test. When withdrawing the ball from its fixed mechanism, it is
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possible to engage a handle which allows massages at controlled frequencies (the motor has
an eccentric mass coupled to its shaft). Since the motor has the ability to achieve high
vibration frequencies, this makes it possible to perform electromyography tests, replacing
therefore the orthodox electrical stimulation, with high vibration frequencies at low
amplitudes stimuli. This allows evaluating the ability of nerve cells to transmit signals of 0 or
1, by nerve stimuli and proprioception tests on different parts of the human body (MacKay,
2005).
RESULTS AND CONCLUSIONS
The designed rehabilitation device was tested and validated. Force analysis and power
consumption tests with speed variation were performed, evaluating the torque/speed/power
ratio and determining the optimum working ranges. Some of the obtained results are shown in
Figure 1. Nevertheless further tests should also be performed in order to analyze its ability for
rehabilitation and improvement of the human proprioceptive function.

Fig. 1 - Torque/Speed/Power test results
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ABSTRACT
This project consisted on the design, development and construction of a medical device for
the rehabilitation of the wrist. The construction of the actual prototype was carried out with
off-the-shelf components. The objective was to develop a functional and low cost device. The
system is divided into two main components, one for the rehabilitation of the wrist and the
other one to perform proprioception exercises, providing relaxation of the patient’s pain due
to injuries on the wrist. All the hardware is assembled in one portable support, capable to
carry out vertical and horizontal adjustments. Both systems are fully controlled through a
software specially designed for being used by both physiotherapists and patients, allowing at
the same time the control over the progress of rehabilitation.
Keywords: biomechanics, wrist, rehabilitation, proprioception, arduino.
INTRODUCTION
Fracture of the wrist is one of the most complicated pathologies, because it is associated with
a wide range of movements; in a healthy pulse one can consider three main groups of
movements; flexion and extension, adduction and abduction, pronation and supination. This
type of injury has a large incidence in adulthood, and occurs mostly in women, since
osteoporosis increases the brittleness of bones, and, as such, in case of impact there is a great
susceptibility to bone breakage. In relation to the younger individuals, this type of fracture is
mainly due to sports injuries (Lana, 2013).
THE REHABILITATION DEVICE
This project began with the adaptation of an already existing product called Powerball, which
was designed to perform fitness exercises on the wrist, forearm and shoulder. Through the
modification of this product, the Bioball was created (see Figure 1). This device uses an A28L
brushless outrunner motor, powered by a 12 V-2 A power source through a MAG8 electronic
speed controller, with an eccentric mass coupled to its shaft for creating vibration, which is
useful for proprioception and relaxation purposes. It also uses a Superior Electric M062-LE04
stepper motor, NEMA 23 (Oriental motor, 2017), powered by the same power source and
controlled through a TB6600 driver; this motor is coupled to an eccentric bar having at its end
the Bioball. Combining the position adjustment of the support, this device enables the
reproduction of the movements associated with the wrist. The control of both motors and
respective drivers is carried out with Arduino, through an especially designed software
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created in LabVIEW (by National Instruments™). The validation of this device was
accomplished by physiotherapists at the Hospital of Braga, based on their own experience in
the rehabilitation of patients with wrist pathologies (Ferreira, 2017).

Fig. 1 - The Bioball and possible rehabilitation exercises capable to be performed on this device

RESULTS AND CONCLUSIONS
This device enables two types of rehabilitation: active and passive. For active rehabilitation
the patient creates resistance to the movement generated by the device, exercising therefore
the muscles on the wrist, forearm and hand. In passive rehabilitation the device helps the
patient to perform each exercise (see again Figure1). This procedure helps to increase the
amplitude of each movement of the wrist; the data corresponding to each one of the exercises
can be computed by the developed software (see Figure 2).

Fig. 2 - Some of the results obtained on the gains of amplitude
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ABSTRACT
This project sought the development of a hand prosthesis model by myoelectric drive, using
only one engine. The differential characteristics from the models available were: the lateral
variation in the thumb position, the movement at all fingers, with articulations at the
phalanges, and a grasping forces distribution system. The traction by just one engine
simplifies the myoelectric signal control system, which works only with commands of open
and close, and the prosthesis mechanism applied to movements allows better adjust to the
shape of the objects, for a safe preention. The process used for structural construction was the
additive manufacturing, searching for versatility to obtain the final dimensions and
customization to the prosthesis user.
Keywords: additive manufacturing, articulations, mechanism, prosthesis.
INTRODUCTION
In a literature search is possible to find a great number of researches related to prostheses, as
well as proposals for new models or innovations that may be incorporated to the existing
models, but even with this diversity of academic researches and also by manufacturers, the
commercially available hand prostheses models commanded by electromyographic signals
(EMGs) are restricted in two groups: the tridigital tweezers with the thumb, forefinger and
middle finger actuating, but not articulated in the phalanges; and the group quoted by Timemy
et al. (2013) as advanced commercial devices, like the Michelangelo Hand, by Otto Bock, the
I-limb Hand Ultra by Touch Bionics, and Bebionic 3 by RSL Steeper, able to perform total
hold positions, as well as to control each finger of shape independent. The differences
between these groups are noticeable, both in the movements offered, as in their commercial
values.
The model obtained at this work does not allow the individual grasping command for each
finger, but an adjustment of them to the shape of the objects, having appearance and
functionality very close to the most advanced prostheses group, but the control system may be
the same of the simple one, of only an actuator.
RESULTS AND CONCLUSIONS
A threaded spindle coupled to the motor, turns rotating movements into linear, applied to a
nut that moves articulated arms linked to the fingers, distributing the traction force for the
grasp. In order to have relative movements between the phalanges, a mechanical system with
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internal tensors was developed, based on the four-bar hinged mechanism system, as shown in
Figure 1, where the index finger is shown in a cut, for identification of the bar points.

Fig. 1 - Four-bar mechanism applied to the relative positions of the finger’s phalanges

In the study of the four-bar mechanisms applied to the phalanges, the angles ε and α have
fixed values, being a constructive part of the proximal and middle phalanges. The variation of
the angles δ and ω, called "Proximal-Middle Relation" can be observed in the BAD and BCD
triangles, which has the segment 
BD in common. In continuity to this, the variation of the
angles β and Ɵ, called "Middle-Distal Relation", based on the triangles DEG and FEG, having
in common the segment 
EG. For each variation of δ at the proximal phalanx, is a relative
position of ω, at the middle one (Eq. 1), in consequence a variation of β at the middle phalanx
causes a variation of Ɵ, at the distal one (Eq. 2).
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It’s possible to affirm that the initial proposal was reached, of develop a functional hand
prosthesis mechanism, with simplified control and command system, using low cost
mechanical components, easily found on the market, and adopting a flexible manufacturing
process for the structure, independent on the shapes complexity.
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ABSTRACT
The ASBGo* Smart Walker (SW) is a research project from the Adapative System Behaviour
Group. This device is used as a medical solution for rehabilitation of patients with gait
disorders. To meet the user’s needs this device was designed and developed into an improved
and reliable system from both mechanic and electronic point of view. Thereby, in this paper a
brief outline of the smart walker’s system and design architecture will be presented.
Keywords: mechanical design, system architecture, smart walkers.
INTRODUCTION
Mobility impairments can affect both elderly and young people. Thus, gait training therapies
using robotic devices, like SW, are emerging. Fulfilling the different needs and constraints by
expanding functionalities of conventional walkers, SW devices promote an effortless and
continuous way of gait training (Martins and Santos, 2015).
The ASBGo* SW leads to a training focused in the self-correction of the patient’s walk. In
the last few years the ASBG counts already with three versions that have proved its success in
clinical environment (Martins et al., 2015). Nonetheless, to meet the patient’s needs it is now
presented a new model with improvements in the mechatronic and ergonomic design,
comprising a robust and reliable system. The mechanical improvements, with new design
features, were already discussed in previous work (Alves et al., 2016).
Besides advancements in mechanical design, the electronics architecture comprising the
robotics and tools of the device, were also developed. The use of frameworks allows to
simplify complex scenarios such as medical applications that use multi-modal sensed data to
extract environmental information and act accordingly. Thus, to improve productivity,
quality, reliability and modularity of the new software the electronics’ system will be
supported by the Robot Operating System (ROS).
RESULTS AND CONCLUSIONS
The main goals of this work were designing of mechanical structure and implementation of a
unified modular system architecture by developing software components and electronic
hardware required to its implementation, ensuring robust and user-friendly solution. The
result is presented in Figure1.
The potentiometers, installed on the handlebar, interpret the user’s intention to drive the
device accordingly. Load cells, infrared sensor, Inertial Measurement Unit (IMU) and real
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sense camera detect the postural and gait parameters of the user. Ultrasonic Range Finder
(URF) will be used for obstacle avoidance in robotic navigation. Motors and encoders
comprise the motion of the walker. The system is centralized in the main controller and
localized on the base of the device along with the batteries and the remaining electronics.

Fig. 1 - ASBGo* SW overview. Mechanical frame and localization of
the main components.

Overall, the system structure and behavior are already defined. The integration of sensors, the
development of a modular software architecture, which will assure the device’s autonomy and
enhance the user’s monitoring, along with an ergonomic and user-friendly mechanical design,
are important in gait rehabilitation. In this way, the ASBGo* is ready to be used in physical
rehabilitation to help patients to improve from their motor impairment and so, helping them
recover the confidence in their locomotion.
REFERENCES
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ABSTRACT
Safety is the main focus in any rescue or recovery operation; however, due to this operations
being done by human beings, a compromise with the efficiency should be considered [1]. This
Project creates an alternative option in order to solve this compromise; through the creation of
an automated humanoid. This is capable of completing rescue missions or particular activities
that can facilitate the work in the part of the human rescue squads, which involve high risk
factors due to the environment. Such rescue activities can be totally left to the automated
humanoid TGK 1.1 or can be divided and segregated so as to be complemented by human and
automated workers grouped in teams [2], in this project a dynamic study of the joints of a leg
is presented, likewise we will see the feedback of the batteries with solar cells.
Keywords: human, robotic, prosthesis, industry.
INTRODUCTION
Human-Robot Interaction (HRI) is a ﬁeld of study dedicated to understanding, designing, and
evaluating robotic systems for use by or with humans. Interaction, by deﬁnition, requires
communication between robots and humans. Communication between a human and a robot
may take several forms, but these forms are largely inﬂuenced by whether the human and the
robot are in close proximity to each other or not. Thus, communication and, therefore,
interaction can be separated into two general categories:
• Remote interaction: Humans and robots are not collocated and are separated spatially or
temporally (for example, the Mars Rovers are separated from earth both in space and time).
• Proximate interaction: Humans and robots are collocated (for example, service robots may
be in the same room as humans).
In the current environment of rescue activities, a main concern for those involved is mainly
how these can be done without putting the victims, workers or their resources at risk. To solve
this dilemma the use of a humanoid automaton is proposed and a design based on pertinent
goals; such as deployment time, ease of manufacturing, adaptability; is created. To achieve
this, the involvement of diverse disciplines is necessary and complementary. The final design
involves extremes of standardization and modularity as well as efficient use of energy and
self-sustained systems of recharge.
RESULTS AND CONCLUSIONS
The design focuses on two main points: ease to fabricate and extended continuous
deployment on the field. In order to achieve the first point, prefabricated and standardized
parts have been used in almost the entirety of the system. This allows to generating an entire
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automated worker without the need of generating unique or use hard-to-obtain pieces.
Additionally to the use of these “easy to use” parts, a modular design has been used in order
to further achieve the saving of time and resources in the building of one or multiple copies of
the worker simultaneously. A consequence of the hard focus in standardization of the parts
and the modular nature of the fabrication is the ease with which upgrades can be generated
and installed in the humanoid, as long as the power source is able to manage it, it can be
installed and used in the activities done by the worker.
The second point: extended deployment time is solved through two complementary systems.
The first of these is a bank of high capacity rechargeable batteries. These batteries are the
main power source to the actuators and processors. The capacity of the bank is the main
limiter for the deployment time of most automated assisted worker used on the field. To
circumvent this ever-present design and use problem, a second system is installed. Through
the use of alternative mean of generating energy, the batteries can be filled at the same time
the machine is in use. The design allows for an ever increasing ability to be upgraded as so do
the energy generating part of the power systems. The base installation makes use of solar
panels which feed usable power to the batteries [3] during both working and resting periods as
long as there is visible light. This simple addition reduces, if not eliminates the need for
independent times to recharge the power sources.
Driving the processes of the worker and to continue with the “as-standard-as-possible” design
is an off-the-shelf Programmable Logic Controller (PLC). This piece of software is currently
used in almost all branches of industry, which makes it both relatively cheap and readily
available [4]. The ease to program this kind of controller is testament in its previously
mentioned widespread use in the industry, mainly in those activities that require a heavy focus
on repetition and isolation from human agents.
The entire design achieves that which has been set to it, and permits to any user to generate a
worker and design and create upgrades without the need for heavy handed considerations of
availability of materials or compatibility issues, be it with the attachment to the current body
or to its control in the part of the processor, likewise, over time it is expected to incorporate
some part of this robot to a person, for example some prosthesis.
ACKNOWLEDGMENTS
The authors gratefully acknowledge the Prodep by your support in this project, same as
Instituto Tecnológico de San Luis Potosí.
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ABSTRACT
Widely distributed 111 serie, 10 story R.C. frame buildings are constructed during former
soviet union in Armenia and Nagorno Karabakh province. Current research is completed to
illustrate the concept of seismic upgrading of above mentioned buildings, using an Additional
Isolated Upper Floor (AIUF). After constructing the finite element model, Time history
analyses are applied on it, using six pair of accelerograms recorded on rock or very stiff soil
(750<Vs<1200 m/s), loose rock or stiff soil (375<Vs<750 m/s), loose soil (180<Vs<375 m/s)
and very loose soil (Vs<180 m/s), scaled to Sa=0.4g. Later, the AIUF which behaves as a
Tuned Mass Damper (TMD) is added to the model and after tuning for the frequency and
damping ratios, the same time history analyses are applied on this new model too. The final
analyses results show considerable reduction on lateral displacement and base shear force
when using AIUF, satisfying the overall seismic behavior of the building.
Keywords: Seismic upgrading, accelerogram, lateral displacement, Time History analysis,
Additional isolated upper floor

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. The aseismic behaviour analysis and
accurate design of structures for severe earthquakes are mainly carried out using Nonlinear
Time History Analysis method (NTHA). The Tuned Mass Damper Passive Aseismic Control
system (TMD) reduces both the lateral displacement and base shear forces caused by the
earthquakes. If truly tuned, structures equipped with TMD could behave linearly during a
severe earthquake.
The TMD control system could be used for to be constructed buildings and also for buildings
which do not satisfy the seismic code requirements. In this research, by using the TMD
concept, an Additional Isolated Upper Floor (AIUF) is added to the top of the 111 series, 10
story R.C. frame building, and tuned for the frequency and damping ratios, so that could
reduce the lateral displacements and base shear forces to a great extent, to ensure the overall
linear behaviour of the building during a severe earthquake.
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TUNED MASS DAMPERS (TMD) THEORETICAL BASES
The two-DOF systems shown in Figure 1 is excited by a harmonic force p1(t) = po sinωt
applied to the mass m1. For both systems the equations of motion are as equation (1):

(1)

Fig. 1 - Two-Degree of freedom systems

For harmonic force applied to the main mass we already have the solution given by Eq.(2)
and (3):

(2)

(3)
Introducing the notations below:

(4)
The vibration absorber is a mechanical device used to decrease or eliminate unwanted
vibration. The description tuned mass damper is often used in modern installation; this
modern name has the advantage of showing its relationship to other types of dampers. In the
brief presentation that follows, we restrict ourselves to the basic principle of a vibration
absorber without getting into the many important aspects of its practical design. In its simplest
form, a vibration absorber consists of one spring and a mass. Such an absorber system is
attached to a SDOF system, as shown in Figure 2. The usefulness of the vibration absorber
becomes obvious if we compare the frequency-response function of Figure 2(b) with the
response of the main mass alone, without the absorber mass. At ω = ω1* the response
amplitude of the main mass alone is unbounded but is zero with the presence of the absorber
mass. Thus, if the exciting frequency ω is close to the natural frequency ω1* of the main
system, and operating restrictions make it impossible to vary either one, the vibration absorber
can be used to reduce the response amplitude of the main system to near zero. The preceding
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presentation indicates that a vibration absorber has its greatest application to synchronous
machinery, operating at nearly constant frequency, for it is tuned to one particular frequency
and is effective only over a narrow band of frequencies.

Fig. 2 - (a) Vibration absorber attached to an SDOF system; (b) response amplitude versus exciting frequency

The available solution can be rewritten as equations 5 & 6:
(5)

(6)

The usefulness of the vibration absorber becomes obvious if we compare the frequencyresponse function of Figure 2(b) with the response of the main mass alone, without the
absorber mass. At ω = ω*1 the response amplitude of the main mass alone is unbounded but
is zero with the presence of the absorber mass. Thus, if the exciting frequency ω is close to
the natural frequency ω*1 of the main system, and operating restrictions make it impossible to
vary either one, the vibration absorber can be used to reduce the response amplitude of the
main system to near zero. This implies that the absorber system exerts a force equal and
opposite to the exciting force. Thus, the size of the absorber stiffness and mass, k2 and m2,
depends on the allowable value of displacement.
There are other factors that affect the choice of the absorber mass. Obviously, a large absorber
mass presents a practical problem. At the same time the smaller the mass ratio µ, the narrower
will be the operating frequency range of the absorber. According to uncertainties in
earthquake prediction and dynamic characteristics of the MDOF systems, for instance natural
frequencies and modal damping ratios, it would be more accurate to use several dampers in
this kind of structures. It is suggested that these damper's vibration frequencies differ from
each other to a little extent. By this, a wider band of frequencies could be included.
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FINITE ELEMENT COMPUTATIONAL MODELS
Type 111-c series residential building is chosen, which is composed of 3 bays of 6m on each
direction, containing a basement on -3.0m level. Gravity load bearing system is of precast
concrete beams and columns. The slabs are hollow core precast reinforced concrete slabs with
a thickness of 22cm. Lateral load bearing system is of precast concrete shear walls, located on
inner and outer frame lines on the y-direction. All beam and column connections and also
shear wall connections to beams and columns are supposed to be simple. On the x-direction,
the building is partially braced, demonstrating a very weak stiffness. Steel Chevron (Λ)
bracing is added to the x-direction for additional stiffness and preventing the torsional
displacement of the building at the meantime as Figure 4(a). Therefore the AIUF is added to
the preliminary model weighting about 3~5% of the weight of the whole structure resulting
secondary model as Figure 4(b). The AIUF behaves like a Tuned Mass Damper (TMD) and
is mainly tuned to act on the x-direction of the building. All above mentioned assumptions are
included in the 3D structural modelling as shown in Figure 4.

(b)

(a)

Fig. 4 - Computational Models: (a) Without AIUF: (b) With AIUF

Fig. 5 - Seismic Upgraded Buildings using AIUF
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Fig. 6 - AIUF Implementation Technique on Roof Floor of 111 Series building

All seismic isolation devices used for AIUF are of HDRB (High Damping Rubber Bearing)
type. After completing the modeling process, frequencies of vibration and damping ratios of
the secondary model is tuned to minimize the lateral displacement of the roof story. The
results are summarized in Table (1):
Table 1 - Stiffness and Damping Ratio results of AIUF after Tuning
Stiffness (kN/mm)

Damping (kN-sec/mm)

2.24

0.56

AIUF ( with 16 Columns)

TIME HISTORY ANALYSES
In order to perform the time history analyses, 6 pairs of accelerograms of earthquakes
recorded on soil type were selected. Then each record was scaled to spectral acceleration level
of Sa=0.40g, due to the related response spectrum in Armenian SNIP II-6.02 code. Selected
records are of the earthquakes listed in Table 2.
Table 2 - Charachteristics of used Eartquakes
Event

Year

Mag.

Mechanism

Chi-Chi-Taiwan

1999

7.62

Reverse - Oblique

Irpinia-Italy

1980

6.9

Normal

Tabas-Iran

1978

7.35

Reverse

Kocaeli-Turkey

1999

7.51

Strike-Slip

San Fernando

1971

6.61

Reverse

Hector Mine

1999

7.13

Strike-Slip
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Then the scaled records were applied to the computational models separately due to the soil
type and spectral acceleration for which the selected model was analysed. For linear time
history analyses, the “Modal Extension Method of Earthquake forces” technique was used.
Nonlinear Time History analyses for preliminary model (without AIUF) and secondary
models (with AIUF) were completed using Newmark - β method. Due to structural
characteristics, the damping ratio for linear analyses was determined equal to 0.05 for all
mode shapes. For nonlinear analyses the Rayleigh damping was used, determining damping
ratio equal to 0.10 for the first two modes of vibration on x-direction. For performing the
Time History Analyses (both Linear and Nonlinear), Perform 3D analysis software is used.
NUMERICAL RESULTS
According to Time History analyses for mentioned records, results for Displacement
Reduction due to AIUF are summarized in Table 3:

Table 3 - Displacement Reduction due to AIUF
Soil
Category
Rock or very stiff
soil 750<Vs<1200
m/s

Loose rock or stiff
soil 375<Vs<750
m/s

Records

Displacement w/o
AIUF (cm)

Displacement with
AIUF (cm)

Irpinia-Italy

59.6

38.0

Izmit

62.2

26.3

Tabas

33.9

24.3

ChiChi

64.8

32.0

Hector Mine

37.2

18.6

San Fernando

33.2

20.1

Fig. 7 - Diagram for reduction of lateral displacement versus record numbers
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Results for Lateral Base Shear Force Reduction due to AIUF are summarized in Table 4:
Table 4 - Lateral Base Shear Force Reduction due to AIUF
Soil
Category

Rock or very stiff
soil 750<Vs<1200
m/s

Loose rock or stiff
soil 375<Vs<750
m/s

Records

Base Shear Force
w/o AIUF (Ton)

Base Shear Force with
AIUF (Ton)

Irpinia-Italy

2220.0

1658.0

Izmit

2462.0

1251.0

Tabas

2231.0

1821.0

ChiChi

2131.0

1374.0

Hector Mine

1684.0

1127.0

San Fernando

1369.0

885.1

Fig. 8 - Diagram for reduction of base shear force versus record numbers

CONCLUSION
The project on upgrading seismic resistance of nine-storey R.C. frame buildings by means of
additional isolated upper floor (AIUF) pioneered the applications of seismic isolation
structures to the top part of the buildings and was implemented in 1995-1997 in Armenia. It is
worth noting that the isolated upper floor allows not only upgrading the earthquake resistance
of a building, but enlarging its useful space as well. The most distinctive feature of the new
earthquake resistance upgrading method, however, is that there is no need to re-settle the
occupants of the building during construction. Under the earthquake impact AIUF, acting as
vibration damper, reduces the deformed state of the building up to 58% and increases
earthquake resistance by reducing the lateral base shear for up to 49%. It could be observed
from the obtained results that using AIUF for seismic upgrading of existing R.C. structures is
an effective one, using the minimum energy and cost, without any need for re-settling the
occupants, demonstrating effective results.
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ABSTRACT
This paper presents the results of experimental research of composite helmets after fragmentproof tests by ultrasonic IR thermography method. Tests of composite helmet damage caused
by shots with standard fragments were performed using ultrasonic IR thermography. During
the ballistic tests, fragments of 1.1 g (without sabot according to STANAG 2920 ed. 2) were
shot. The research on composite helmets was carried out using a generator (stimulator) of
ultrasounds. During the stimulation the ultrasounds frequency was (22.5 ÷ 25) kHz. Changes
in the temperature field on helmets surface were recorded by the FLIR SC 7600 camera in the
sequence consisting of 250 images (thermograms) with a resolution of 512x640 pixels. The
output power of the generator was 200 W (max. 2 kW). The time of generating the ultrasonic
signal and the total recording time was 10 s.
Keywords: non-destructive testing, IR thermography, ultrasonic, composite helmets.
INTRODUCTION
Composite materials consisting of very durable fibers are increasingly used in ballistic shield
constructions, including in vests and helmets. For non-destructive testing of composite
materials, the method of active thermography is usually used (Swiderski, 2003). One of the
main methods of active thermography research is vibrothermography - VT (Maldague, 2001).
The definition of vibrothermography was developed to determine thermal testing procedures,
which are designed to assess the hidden structural inhomogeneities of material, based on
surface temperature fields, at cyclic mechanical loads. A similar procedure can be carried out
with ultrasonic stimulation of the material. When excited by mechanical waves, internal
friction of the defect walls occurs which is the source of a significant increase temperature.
Ultrasound stimulation is commonly used (Favro, 2000), (Wang, 2014), (Maldague, 2001).
The advantage of thermal stimulation from the so-called internal sources of heat (including
ultrasounds) is the lack of optical interference and occurrence of temperature anomalies only
in areas with defects as a result of friction of the cracks ‘walls.
In personal ballistic shields, i.e. safety helmets (and protective vests), multilayered composite
materials are used, which are woven materials (including aramid fibers) connected with
plastic as a binder. Such materials are characterized by being lightweight, corrosion-resistant,
easily moldable, which allows them to be adapted to the surface they are to protect. Defects
that may occur in this kind of composite materials are, among others inaccuracies in gluing
composite layers, delamination caused by impacts, fragments and shots with projectiles.
Lightweight ballistic shields are made of materials whose thermophysical parameters differ
significantly from the parameters that have potential defects that may occur in these materials.
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Therefore, non-destructive testing with termography methods can be effective in detecting
defects.
EXPERIMENTAL TESTING
Tests of composite helmet damage caused by shots with standard fragments was performed
using ultrasonic IR thermography. Figure 1 presents the diagram of the helmet test stand used
for the thermographic tests containing an ultrasonic thermal stimulation.

Fig. 1 - Diagram of the helmet test stand (1 - sample, 2 - ultrasonic transducer, 3 - IR camera).

During the ballistic tests, fragments of 1.1 g (without sabot according to STANAG 2920 ed.
2) were shot. Ballistic tests of helmets have been carried out in order to obtain damage to
helmets (e.g. delaminations occurring between composite layers) resulting from impacts
caused by fragments. After ballistic tests, the helmets were tested to detect damage. Helmet
made of pre-impregnated aramid, after destructive testing (using FSP- Fragment Simulating
Projectile) is presented in Figure 2.

Fig. 2 - Composite helmet after ballistic tests (using a standard fragments)

The research on composite helmets was carried out at Military Institute of Armament
Technology (MIAT) with the use of ultrasound generator (stimulator). During the stimulation
the ultrasounds frequency was (22.5 ÷ 25) kHz. Changes in the temperature field on helmets
surface were recorded by the FLIR SC 7600 camera in the sequence consisting of 250 images
(thermograms) with a resolution of 512x640 pixels. The output power of the generator was
200 W (max. 2 kW). The time of generating the ultrasonic signal and the total recording time
was 10 s.
-1196-
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Figure 3 presents the experimental set-up used for the thermographic tests containing an
ultrasonic thermal stimulation.

Fig. 3 - Experimental set-up for the test of composite helmets using ultrasound infrared thermography

RESULTS
Figure 4 presents an example phase image of the outer surface of the helmet (after ballistic
tests) obtained during non-destructive tests using ultrasonic IR thermography. On the phase
image, areas of destruction of the helmet material are visible as a result of shots with standard
fragments.

Fig. 4 - Helmet tests results after ballistic tests - thermogram of the outer surface of the helmet after ballistic test
(on the left), ultrasonic thermography lock-in phase image (on the right)

Figure 5 shows the temperature graph on the outer surface of the helmet along the damage
caused by the fragment (Figure 4 - thermogram) during 5 s and 10 s.
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Fig. 5 - Temperature graphs on the outer surface of the helmet along the damage caused by the shot
with a standard fragment in 5 s and 10 s.

In turn, figure 6 presents an example phase image of the inner surface of the helmet (after
ballistic tests) obtained during non-destructive tests using ultrasonic IR thermography.

Fig. 6 - Helmet tests results after ballistic tests - thermogram of the inner surface of the helmet after ballistic test
(on the left), phase image with visible areas of helmet damage made by ultrasonic thermography lock-in method
(on the right)

Figure 7 shows the temperature graph on the inner surface of the helmet along the damage
caused by the fragment (Figure 6 - thermogram) during 5 s and 10 s.

Temperature, °C

20,20
20,00
19,80
5s

19,60

10 s

19,40
19,20
1 11 21 31 41 51 61 71 81 91 101111
Pixel

Fig. 7 - Temperature graphs on the inner surface of the helmet along the damage caused by the shot
with a standard fragment in 5 s and 10 s.
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Helmets were additionally subjected to non-destructive tests using an X-ray diagnostic
system. The tests were carried out to check the possibility of detecting defects of composite
helmets using the X-ray method. Exographs of selected fragments of composite helmet, on
which defects were revealed, are shown in Figure 8. In the figure there are visible places of
fragments hits (white traces), damage areas and fragments that have been stuck in the back
layers of the helmet.

(a)

(b)

Fig. 8 - Exographs of fragment of the composite helmet after ballistic test. View from the inside of
the helmet on: (a) front, (b) back

CONCLUSIONS
The paper presents the use of ultrasonic IR thermography to detect damage of composite
helmets caused by shots from fragments.
For the purpose of comparison, X-ray tests were carried out using an X-ray diagnostic system.
Both the exographs and thermograms revealed damage to composite helmets. Exographs
revealed the appearance of internal damage, which arose as a result of shots with standard
fragments (i.e. damage areas of the internal structure and fragments that stuck in the back
layers of the helmet).
An important aspect of non-destructive testing is properly trained and prepared staff. The staff
should have knowledge about the construction of helmets, what is aimed at correctly analyze
and evaluate helmets based on received thermograms and exographs.
In order to check the effectiveness of the ultrasonic IR thermography method used, further
research will be based on finding better test parameters values (i.e. frequencies) and on
performing tests on a larger sample of helmets in use.
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ABSTRACT
This paper presents two variants of a general method (Cramer, Stanoev 2008), (Stanoev 2013,
2014, 2016, 2017) for modal transformation of the equations of motion for multi-degree-offreedom-systems (MDOFS) with non-modal symmetric damping matrix. The first variant is
described in comparison with a similar method, presented in earlier publications (Chu M. T.,
Buono N. T. 2008), (Ma Fai F., Morzfeld M., Imam A., 2010). The equations of motion are
stated in state-space formulation. The final modal decomposition is performed by a purely
real-space transformation matrix, which is derived by a combination of two complex
transformations using the complex left and right eigenvectors of the associated special
eigenvalue problem. The eigenvector normalization is performed in two different ways.
Analytical expressions for all presented variants of the modal transformation basis are
developed by the aid of computer algebra software. The proposed modal procedures retain all
common advantages of the classic modal decomposition of the equations of motion.
Keywords: structural dynamics, modal decomposition, left and right eigenvectors, complex
eigenvalue problem, non-proportional damping.
1

INTRODUCTION

The solution of the classic linear eigenvalue problem, associated to the equations of motion of
multi-degree-of-freedom-systems (MDOFS), consists of real eigenvalues (natural
frequencies) and real eigenvectors. The inclusion of viscous damping in the equations of
MDOFS leads to a quadratic eigenvalue problem with corresponding complex conjugate pairs
of eigenvalues and eigenvectors.
Starting point of our considerations are the equations of motion of a damped MDOFS in
configuration space
 +  +  =

,

(1.1)

where ,  and  are, respectively the (n x n) mass, damping and stiffness matrix, and
, ,  are respectively the (n x 1) displacement, the velocity and the acceleration vectors and
p(t) is the (n x 1) excitation vector.

In structural mechanics problems the matrices ,  and  are considered to be real,
symmetric and positive definite, excluding the presence of rigid body modes. In the classic
modal analysis  = , in this case Eq. (1.1) can be decoupled by use of the real right
eigenvectors  of the undamped system:
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  +   = 

(1.2)

  =  

(1.3)

In the case of classically damped system with  ≠  Eq. (1.1) can also be decoupled by the
real eigenvectors of the undamped system. According to (T.K. Caughey, 1965) the necessary
and sufficient condition for classical damping is:
 =  +  ,

The proportional damping assumption
(1.4)

the so-called Rayleigh damping, is a particular case of classic damping - Eq. (1.4) satisfies the
condition (1.3).
The associated quadratic eigenvalue problem to Eq. (1.1) is
 +  +  = 

where

λ =  + 

! ;

λ =  − 

are complex conjugate eigenvalues.

(1.5a)
!

(1.5b)

This paper presents two variants of a general method (H. Cramer, 2008), (E. Stanoev, 2013,
2014, 2016, 2017) for real-space modal transformation of the equations of motion of multidegree-of-freedom-systems (MDOFS) with symmetric damping matrix, representing nonproportional damping. The equations of motion are stated in state-space formulation. The first
variant, presented in Section 2, is described in comparison with a similar technique for
decoupling of non-classically damped system equations, referred to as phase synchronization,
presented in earlier publications (Chu M. T., 2008), (Fai F. Ma, 2010), (Fai F. Ma, 2011).
This approach has been described in (Fai F. Ma, 2009), (Fai F. Ma, 2010) for free and forced
vibrations in configuration space formulation. In (Fai F. Ma, 2011) it has been shown the
interpretation of the decoupling transformation by phase synchronization on the basis of state
space formulation.
The problem of decoupling the homogenous problem of Eq. (1.5) can also be addressed as a
reduction of the quadratic pencil #  =  +  + . In (S.D. Garvey, 2002) and (M. T.
Chu, 2008) have been proposed the notion of structure-preserving transformations in
diagonalizing #  . In (Fai F. Ma, 2011) it has been shown that transformation of (1.1) by
phase synchronization can be interpreted as a diagonalizing structure-preserving
transformation in state space if the eigenvalues λ , λ are complex and distinct.
In Section 3 of this paper is presented a second variant for real-space decoupling procedure,
based on both the right and the left complex eigenvector pairs. In this version the complex
conjugated eigenvectors for the MDOFS are normalized with respect to the general stiffness
matrix.

In order to introduce to the solutions presented in Section 2 and 3, we will first briefly review
in section 1.1 the phase synchronization procedure on the basis of state space formulation
according to (Fai F. Ma, 2010), (Fai F. Ma, 2011) - for the case of forced vibrations with n
distinct complex conjugated eigenvalues  .
1.1

The phase synchronization procedure in state space

We suppose all eigenvalues λ , λ in (1.5b) to be complex conjugated and distinct, i.e. the
quadratic eigenvalue problem is non-defective.
-1202-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

First of all, Eq. (1.1) should be written in state space in the symmetric Lancaster form, see (P.
Lancaster, 1966):

  
% & ' + $
%$ % = &
'


− 

The associated state space eigenvalue problem takes the form
$

($

 
%  + $ 


→ $

(1.6)



%) &
' = *  &
'=
 
−  



%&
' = − $

−  



%&


'
 

The symmetrically linearized pencil *  is referred to as the Lancaster structure.


 ' $-%
$ % = & 

, , .
where

(1.7a,b)

A complex modal transformation is defined by

- = /0

0

⋯ 02 34 ,

(1.8)
. = /5

are new complex modal coordinates,
 = /



⋯

2 3 ,

 = 6

5



⋯

⋯

52 34

(1.9a)

2 7

(1.9b)

are modal matrices built by the complex  resp. the conjugate complex eigenvectors  , and
, = diag/ ,  , ⋯ , 2 3 , , = diag6 ,  , ⋯ , 2 7

(1.10)

<

(1.11)

are the associated spectral matrices. The transformation (1.8) implies that the j-th damped
is expressed as a linear combination
mode of vibration <
?@ A
?@ A
=  =
 +  (=
)
>
>
BCDCE
BCDCE
F@

G@

The eigenvectors  may be normalized in accordance with

2  4  +  4  = 2
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!
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!
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Substitute Eq. (1.8) into (1.6) and pre-multiply by & 
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Accounting for the normalization [1.12a,b), the left side of Eq.(1.13) can be reformulated:
&, − ,

4
, − ,,
-
'$ % + I
J$ % = I 4
, − , .
, − ,, .


J

(1.14)

The state space form (1.6) is now decoupled in the complex form (1.14). Note that although
Eq. (1.6) has been decoupled in state space, the new introduced complex variables $ % , see
.
Eq. (1.8), cannot be classified as displacements and velocities.
The next step is to define a purely real 2n-dimensional vector /M4
M
O O %$ %
$ N% = $
, , .
The inverse relationship of (1.15) is
O
$ %=$
.
,

O

,

%



N4 34 by

(1.15)

, − ,  , , − , 
M
M
M
$ N% = K
−1
−1 L $N% = Q $N%
, − ,  , , − , 
BCCCCCCCDCCCCCCCE
−1

−1

(1.16)

Q

The reason of the definition (1.15) and its inverse (1.16) is better clarified in Sec. 2, see Eq.
(2.16), (2.18), (2.23).

Finally we substitute Eq.(1.16) into (1.14) and then pre-multiply the resulting equation by Q4
to obtain the real-space relationship


M
I, − , −,, + ,, O J & ' + I, − , , , , − , , ,
O
 N


$

T
O

O M
U
%& ' + $ T
 N


V4
 M
% $N% = I T4
−O
VW

J



4

, − , (,4 − , )
J $ M % = R

4
N
−O
, − , ( − 4 )

S

(1.17)

where T , UT , VT and VW are real-space matrices (what can easy be checked):


T = , − , −,, + ,, = −X0Y6 +  , ⋯ ,  +  , ⋯ , 2 + 2 7 = −X0Y62 , ⋯ , 2 , ⋯ , 22 7


UT = , − , , , , − , , , = X0Y6  , ⋯ ,   , ⋯ , 2 2 7 = X0Y6 +

VT = , − ,, − ,

VW =  − , − ,

−1



! , ⋯ , 

−1

+



! , ⋯ , 2

+


!2 7

(1.18)

(1.19)
(1.20)

(1.21)

N + T M + UT M = V4T

The upper and lower halves of the final uncoupled equations (1.17) are
M − N = V4W

(1.22)

Expressing N from (1.23) and replacing it in (1.22) we get

M + T M + UT M = V4T

+ V4W 

(1.23)
(1.24)

Eq. (1.24) is the transformed uncoupled real-space form of the original equations of motion
(1.1), the introduced n-dimensional vector M can be referred to as modal coordinates. The
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relationship between the modal coordinates M and the solution original Z of the original
system (1.1) can be derived by combining the first complex transformation (1.8) with the
complex transformation introduced by (1.15):


 ' $-% = & 
 ' $ O O % $M %
$ % = & 
N

, , .
, , , ,
The upper half of (1.25) is

 = , − ,, − , M +  − , − , N = VT M + VW N
−1

−1

(1.25)

(1.26a)

and, accounting for Eq.(1.23):
 = VT M + VW (M − V4W

& 


)

(1.26b)
M
− V4W

By use of Eq.(1.23) the real-space solution (1.25) can be rewritten in state space

 ' $O O%
'=& 
, , , ,
The inverse transformation is
M
&
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O

,

2
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 '
%& 
, , ,





&
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'+&
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'

(1.27)
'

(1.28)

MODAL TRANSFORMATION PROCEDURE BASED ON THE COMPLEX
RIGHT EIGENVECTORS

2.1

Complex modal transformation of the MDOFS equations

In this section is described a procedure, similar to the phase synchronization method in state
space formulation, presented in Section 1. We will consider the case of forced vibrations with
n distinct complex conjugated eigenvalues  , see Eq. 2.3 , what is the most relevant case in
structural mechanics based on finite element formulation.
The detailed development of the procedure differs in some points from the decomposition
method based on the Lancaster form (1.6). The description of the differences in details,
compared to the development steps in Section 1, aims to outline the structural mechanics
background of the utilized mathematical transformations.

d
  
$
% &' + $
%& ' = &
'
BCDCE

BCCDC
CE
b

BDE
− b



At first the equations of motion (1.1) are recast to first order equations in state space:
a

c

a

c

(2.1)

e

where a and a are, respectively the (2n x 2n) symmetric generalized mass and the
generalized stiffness matrices. The formulation in state space (2.1) doesn’t use the Lancaster
form (1.7a), but retains the symmetry in the generalized matrices.
The associated quadratic eigenvalue problem can be written in the 2n-dimensional form


  a + a  &  ' = 


(2.2)

where
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are the corresponding n complex conjugate eigenpairs.

Each jth eigenvector-pair   , 
general mass matrix a :
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can be normalized (index (j) omitted) with respect to the
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&' $
% &' = k − l → m =
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(2.4b)
√ogq
− 

The mass normalization (2.4) leads to the orthogonality relationships (2.5), (2.6) - expressed
in terms of the jth eigenvector-pair (index (j) omitted):
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Then the (2n x 2n) complex modal matrix ma can be built up:
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Note the difference to the form of Eq. (1.8), (1.9) - the complex eigenvectors  and the
conjugated complex  are split, but in (2.7) they are in pairs.


2

(2.7)

Complex modal decomposition of the equations of motion (2.1) can be performed by use of
the orthogonality relationships (2.5), (2.6):
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(2.8)

where the new complex modal coordinates  are introduced by Eq. (2.9):


3V
&' = ma u
= ma /0 
(2.9)
5
⋯ 02
52

According to the assembly of the global modal matrix ma in (2.7) the complex coordinates
0  , 5  in the definition (2.9) remain in pairs, corresponding to the eigenvalue pair


  ,  , whereas in the definition (1.8) in Section 1 they are separated. In comparison to the
analogous decoupling transformation (1.14) the uncoupled modal equations (2.8) have - due
to the mass normalization (2.4) - a very clear and more simple form of the modal mass matrix
(equal to the unity matrix) and of the modal stiffness matrix (equal to the spectral matrix).
-1206-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

In a next step a second transformation of the complex modal equations (2.8) will be
introduced in order to get h = 1, … , j uncoupled single oscillator equations in real space. To
explain better this step, the equation of a single- degree-of-freedom system (SDOFS) is
considered in the next section.
2.2

The single mass oscillator equation



+ =

+ 

=

The equation of motion of a viscously damped single degree of freedom system (SDOFS)
(2.10)

 


2
$1
%
&
'
+
&
'&
'=&
'
 

BCCDC
CE

BDE
−
BDE BCCDCCE BDE

can be written in the extended form






 +  = d

where  is acceleration, 

← =&

d



- velocity, 



=

'

= 


- displacement,

frequency,  =  - Lehr’s damping ratio and 




 A


.

(2.11)
-

free

vibration

Introducing the exponential approach  = M> ?A and the (2 x 2) matrix -

- =  

(2.12)

into the homogenous form of the differential equation (2.11) leads to the quadratic eigenvalue
problem
 + BCDCE
   = 

→ - +  r = 

 = f + g =  + 

!

-

h = 1,2

(2.13)

The solution are two complex conjugate eigenvalues ( η << 1 , subcritical damped system):
 = f − g =  − 

The natural frequency
=  f



+ g



,

!

 where

f = −

=  , g =

1 −  =

!

and the damping ratio  can be determined from (2.14) to

 = − 
?

(2.14)

(2.15a,b)

f ± g
%
h = 1,2
1
After normalization of the eigenvectors with respect to the mass matrix

The corresponding complex conjugate right eigenvectors in Eq. (2.13) are
r = $

/r

r 34 ∙  ∙ /r

r 3 = &

Y

the (2 x 2) modal matrix  is cast:
 = /

 3

Y

'

→  =

r@

 @

h = 1,2

(2.16)

(2.17)

(2.18)

The mass normalization (2.17) leads to orthogonality relations and their inverse relationships:
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4   = 4 $ 1

−

2
4   = 4 & 

% 



= $1

−

% ↔

where





&

− − 
− + 

' ↔

4



4

$1



&

−

1

%  = $ 1
'  = &

2

%

−

2.19)



' (2.20)

−
−
The inverse of the complex modal matrix  ,  can be expressed analytically by the aid of
computer algebra software - see Eq. (2.21), (2.22a,b).
 =

' = &

1

 − #
'
 + #

 = 1 −  + 1 − 

(2.21)

 = 1 −  − 1 − 

=

 1 −  −  

#=

2.3

Final decomposition of the MDOFS equations in real space

(2.22a)

 1 −  +  

(2.22b)

We come back to the uncoupled complex modal equations (2.8). Here the complex modal
coordinates /0  5  34 , see Eq. (2.9), will be replaced by new real coordinates
/    34 for each j-th eigenpair, introduced by the definition (2.23):
0
I
5



J =   






I




J,



&0
5



' =   





&








'

(2.23)

Taking into account (2.23), the modal equations (2.8) can be transformed in pairs into the
real form of SDOFS-equation (index (j) omitted), with regard to the inverse relationships
(2.19), (2.20):

$1
% 
BCCCCCDCCCCCE
1
4 

$1

−

%


∙& '



∙& '


+

+

m4 d

I 4
J
mCC
dCCE
BCCCCCDC


−

&
'  ∙ $% =
BCCCCCCDCCCCCCE
−
4 

&

2





'

4 


∙ $ % =

&

Y
ℎ

'

(2.24)

Note that the matrix    can be expressed according to Eq. (2.21), (2.15a,b) simply by
the real and imaginary parts f  , g  .


Combining the two complex transformations (2.8) and (2.24), a new (2n x 2n) transformation
basis ¡ can be defined:



& ' = I m

m


&' = ¡ ∙ 






m

m





⋯ 2m2
⋯

m2



2

m

m

2

2


x }
 
w |

J¢
£
∙ ¤CE
∙
⋯
BC
aCDC
w ⋯ |=m

2
2
¡

w
|
 
BCCCCCCCDCCCCCCCE
vBDE
2{
¤ ¥y






(2.25)
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By the aid of the transformation (2.25) and with regard to (2.8) and (2.24), the equations of
motion (2.1) can be decomposed into n real uncoupled SDOFS block equations as follows:
 
x }
w |
¡4 ∙ $
%∙¡ ∙w ⋯ |+
BCCCCDCCCCE
−
w 2 |

x
} v 2 {
y
w
| BDE
w
w
v

⋯





|
|
{
z

 
¡4 ∙ $
%∙¡
BCCCCDC
 CCCE

 
x y y

w y
w
w
w
v

y
¦

⋯

z z

z


x }
w |
d
∙ w ⋯ | = ¡4 ∙ $ %
BCDCE
w 2 |
y
x §y }
}
2
v {
w |
| BDE

|
|
z
|
¦ {



(2.26)

w⋯|
wz |
v§z {

ℎ 34 in Eq. (2.26) are
It can be shown that the ¡-matrix and all „load“-vectors /Y
purely real. In (E. Stanoev, 2013, 2014) has been shown that after component multiplication
of the analytically expressed terms of ma and of ¤ T all imaginary parts cancel each other.

The transformation in Section 1, analogously to (2.23), is given by Eq. (1.16). The advantage
of the (2 x 2) transformation used in (2.24) is that it is done on the level “SDOFS-equation”,
employing mass normalization for the modal matrix  - see Eq.(2.17). In contrast to this in
O O
the relationship (1.16) a (2n x 2n) matrix $
% has to be inverted. Besides the analytical
,

,

inversion of the simple (2 x 2) matrix   in (2.21), the definition (2.23) seems quite natural
in order to transform the complex modal equations (2.8) back to the real form of SDOFS - as
seen in (2.24).

The mechanical reason of the relationship (1.16) and the inverse form (1.15) is clarified by
looking at the eigenvectors (2.16) of the SDOFS. Due to the inverse order of displacements

and velocities $  % in the Lancaster form (1.6) in compare to the formulation (2.1) the meaning

of the modal coordinates   ,   here is interchanged, compare Eq. (1.24) and (2.28).

Each SDOFS block equation in (2.26) can be solved eliminating the modal coordinate 
obtain the usual form of the SDOFS equation of motion (index (j) omitted):



=  +  ℎ


+ 2 

+





=Y

−




ℎ


−  ℎ



to

(2.27)
(2.28)

A usual numerical step-by-step integration of Eq. (2.28) yields the modal response  
.


The final time series of the original 2n state variables & ' are calculated by superposition of

the modal coordinates   ,   (assembled in ) in accordance to Eq. (2.25).

The final SDOFS equations from type (2.28) for each j-th eigenpair can be rebuild in the
uncoupled diagonal form (1.24) for the MDOFS - note that 
in (2.28) corresponds to x
in (1.24). The right sides of both equations clearly correspond to each other.

2.4

Analytical form of the uncoupled equation system

We introduce a notation of two columns, belonging to each jth eigenvector-pair in the real (2n
x 2n) matrix ¡, defined in Eq. (2.25):
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¡=K

⋯ ¡¨

¡©





⋯ ¡¨

¡©





⋯
⋯

L

(2.29)

The analytical expressions for (2.29) can be derived using Eq. (2.4), (2.7), (2.21) and
(2.22a,b), index (j) omitted:

¡¨ =


¡© =


¡© =


¡¨ =




 

1

1 −


 

1

1 −



− mr +  ms



ª



1 −  +   ) mr + (

ª(

 mr −

1 −  −   ) ms «
(2.30a-b)



 ms

1 −  −   mr +  1 −  +   ms «

(2.30c-d)

The two components of the associated jth “load” vector, defined in Eq. (2.26), are purely real
too:
Y

=

ℎ
3

=



 


 

ª 1 −  +  m4r +  1 −  −  m4s « d

¬ m4r −  m4s  d

(2.31a)
(2.31b)

MODAL TRANSFORMATION PROCEDURE BASED ON BOTH COMPLEX
RIGHT AND LEFT EIGENVECTORS

3.1

Complex modal decomposition of MDOFS equations with non-modal damping

Here is presented a variant of a modal decomposition method, operating with right and left
complex eigenvectors of the u-matrix - see Eq. (3.2a), (3.3). The procedure has been first
presented in details in (E. Stanoev, 2017). Here is given a briefly description.
The state-space form of equations of motion (2.1) is transformed in two variants using the
substitution
 
% & ' = a c ,
® = a c

T
T
variant: c + 
BCDCE
a a c = a e

®=$

1th




2th variant:

(3.1)

u

T



cE
BDE
CD
a c + a a B
aC
®
+
a T
a ®

With the notation
u = aT a

= a T
a e
= a T
a e

and due to the symmetry of a and a the relationship (3.4) hold:
4
T
T
4
a T
a = a a  = a a  = u
4

4
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The modal decomposition of the equations (2.1) will be based on the right and left complex
conjugated eigenvectors ¯  and °  of the u-matrix, calculated from (3.2a) resp. (3.2b):

u +   ±¯  = 

u4 +   ±°  = 

resp.

(3.5a,b)

According to the formulations (3.2a) and (3.2b) a relation between an arbitrary jth right and
left eigenvector can be derived:
°  = a ¯ 

The eigenvector pairs are collected in the right and the left modal matrices ¯ resp. °:

¯ = 6¯ 

¯



⋯ ¯2

¯

2

7

° = 6° 

resp.

°



⋯ °2

°

2

7

(3.6)

(3.6a,b)

The main diagonal components ² h in the orthogonality relation (3.7) between the right and
left modal matrices
²1

x
w
¯³ ° = ¯³ a ¯ = w
w
w
v

²1

⋯

}
|
|
|
|
²j {

²j

(3.7)

are used to normalize both modal matrices:
m¯ =

m° =

¯@

´@
°@

´@

→ m¯ = $m¯

¯

m

→ m° = $m°

°

m

⋯

⋯

m2%
¯

m¯2

m2%
°

m°2

The normalization (3.8) leads to the relationships
m°

4

m¯ = m¯

m¯ = ¬ m° 4 

4

m° = ±

↔

m¯

4

= m°

where ± is a (2n x 2n) identity matrix.

(3.8a)
(3.8b)

(3.9)



(3.10)

In order to derive the diagonalization of the u4 -matrix the eigenvalue problem (3.5b) is
reformulated by use of the µ ° -matrix:
u4 m° + m° ¶ = 

where

¶ = ·λ  ¸

→ u4 = m° −¶ m°

h = 1,2, … , 2j

↔ −¶ = m°



is the spectral matrix of u.

In analogy to Eq.(2.9) new complex coordinates ¹° are introduced by
®=$




 
% & ' = m° ¹°


= m° /0



5



⋯

0

2

u m°

 4

5

2

(3.11)

34

(3.12)

Including the modal coordinates from (3.12) into (3.2b), the equations of motion are
transformed into a set of 2n uncoupled complex equations:
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° 
mC
±CCE
m° ¹°
BC
CDC
K



⋯

3.2



L

+

x?
w
w
w
w
v

T °
m°CC
a 
m
BC
CCDC
CCaCCE

y

?

y

⋯

? z

}
|
|
|
|
z
? {

¹°

=

m°  u4 e
BCCDCCE
x º»y }
¼ |
w º½y
w ⋯ |
wº ¼ |
w »z |
¼
vº½z
{
¼

(3.13)

Alternative form of the equation of single mass oscillator

The form (2.11) of the general eigenvalue problem and his solution - Eq. (2.13), remain the
same. The eigenvectors ¾ h = 1,2 are right eigenvectors of the matrix - =  . In
order to determine the left eigenvectors of the matrix - we introduce the substitution


¿
2

& ' = & 
'$ %
b
¿
À
BCCDCCE 
Á


b
Á





Á = 

(3.14)

+     =   d

An alternative form of the equation of motion is
+

  Á

=   d

¿
2
−1 ¿
2
−1 
'& ' = & 
'&
'
$1
% I J + & 

¿
BCDCE
BCCDCCE À
BCCDCCE BDE
1 À

¿


¥y

Á

¥y

Á

The corresponding eigenvalue problem is

d

ÂBDE
 +   Ã Ä =  .
-~

The -4 -matrix in (3.16) is formulated due to the symmetry of  and :

-4 =  

4

= 4 

=  

4

(3.15)

(3.16)

(3.17)

The two eigenvalues ,  of (3.16) remain the same - Eq. (2.14), but the corresponding
complex conjugate eigenvectors are now
∓g
Ä
Å = Äf ± Äg = I  J
Ä
1
Rewriting the eigenvalue problem (3.16) to


Ä 4 - +    = 4

→

(3.18)

-4 +   Ä =  ,

(3.19)

we recognize that Ä represents the left eigenvectors of the matrix - =   (respectively,
the right eigenvectors of the matrix -4 =   ).

In this variant the modal matrix is defined without normalization by
 = /Ä
Ç

g

Ä 3 = I



1

pg 


1

J

(3.20)
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Rewriting the eigenvalue problem in the „left“ formulation (3.19) using the Ç modal matrix

-V ° + ° È = 

← É=&





'

The diagonalization of the matrix -V and the inverse relation can be developed to
-V = ° −È

where
°
3.3



=

°

↔



−È = °

1 −  − 


I

 −


1 −  + 

- °

 V

J

(3.21)

(3.22)

(3.23)

Transformation of the MDOFS equations in real space

We introduce into the uncoupled complex modal equations (3.13) new real coordinates
/    34 for each j-th eigenpair, defined by
0
I
5



J = 



° 






I






°

J

(3.24)

With (3.24) the modal equations (3.13) can be transformed in pairs into the real form of
SDOFS-equation (index (j) omitted), with regard to (3.22):
° $ 1
% ° 
BCCCCCDCCCCCE
1
$1

1

%

 °
∙& '


 °
∙& '


+

+

−
° &
' ° 
BCCCCCCDC
−CCCCCE
&

2



−1
'

 °
∙ $%
 °
∙ $%

Ê
= ° I FÊ J
BCDCGE
=

YÊ
& Ê
ℎ

'

(3.25)

A purely real (2n x 2n) transformation basis ¡° can be built up by combination of the two
complex transformations (3.12) and (3.24):

®=$


 °
x
 }
 
w⋯|
 
°
°
 °
¤ÌCE
 = ¡°  °
%& ' = m ¢
£w | = m
⋯
BC
CDC

 w2 |
¡°
° 2 
BCCCCCCCCDCCCCCCCCE

v
{
2
¥y
° 



(3.26a)

¤Ë

With regard to Eq. (3.10) the inverse of the transformation basis ¡° can be written to

¡°



= ¤Ì ∙ m°



=R

°  

S ∙ m¯
⋯
° 2 
BCCCCCCDCCCCCCE
¤Ë

4

(3.26b)

Finally the equations of motion (3.2b) can be uncoupled by means of the transformation basis
¡° and the inverse matrix ¡°  into n real-space SDOFS block equations from type of (3.25):
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w |
¡° 
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¡° ∙ w ⋯ | +
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| vBDE
 2 {
⋯
w
|
°

w
v

°

|
{


x }
uV
w |
d
 ÍÎ

ÎÏÎ
ÎÐ
T
¡
∙



∙
¡
∙
∙ uV $ %
° CCCCCDC
a C
°
° CCDC
BC
aCCCCE
w ⋯ | = ¡
BC
C
CE
 

w 2 |
y °
x y y
}
x §y }
¦
2{
w y
| vBDE
w |
°

w
w
w
v

⋯

z z

z

|
||
¦{

(3.27)

w⋯|
wz |
v§z {

°

The solution of each jth SDOFS block equation in (3.27) is performed eliminating first the
modal coordinate 
(index (j) omitted):
$1

Y
−1  °
' $ % = & Ê
ℎÊ

 °
2
%& ' +& 
1 

'

Introducing the second equation
 = −  + ¼
©

§

(3.29a)

into the first one to receive
 + 2  +

(3.28)



=−



YÊ + 2 ℎÊ + ℎÊ

(3.29b)

The modal response 
is easy determined by step-by-step integration of Eq. (3.29b), 
should be calculated according to (3.29a). The final time response of the original n DOFs is
calculated by superposition of the modal coordinates in accordance to Eq. (3.26) and (3.1):

&' =  a

3.4



¡°  °

(3.30)

Analytical form of the real modal transformation

The components of the real space matrix ¡° , which belong to the jth eigenvector-pair, are the
following two columns - see (3.23), (3.26), (index (j) omitted):
$⋯

¡¨



¡© 



⋯% = /m°f + mg
=



 

6⋯

°

m°f − m°g 3 ∙

− m°g

1

I



21 −  −

m°f 1 −  + m°g 

1 −  − 
1 −  + 
⋯7

J

(3.31)

The associated two components of the “right side” vector in (3.27) are - with regard to (3.26)
and (3.10) - fully real too:
x }
⋯
wYÊ |
wℎ | = ¡°
Ê
w⋯|
v {

x
w
( mf̄
 4
°  4
u e = ¤Ç Bm
CDCE u e = w
w
m¯ Ñ
w
v
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|
⋯
{

(3.32)
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4

NUMERICAL EXAMPLE

4.1

Structural data, geometry and loads

The numerical example considers the vibrations of a small rotor blade subjected to wind
thrust load, it has been first presented in (E. Stanoev, 2017). The equations of motion in the
form (3.2) are solved applying the proposed modal decomposition method in Section 3
employing only the first four lowest natural frequencies and the associated four eigenmodes.
Considered are two cases: non-proportional and proportional damping.
The finite element solution is based on the numerical integration of the system of differential
equations for the Bernoulli-beam. The reference axis of the beam model coincides with the
centre of the circular-section at the root. Thereby the differential equations and all cross
section stiffness data are referred to the real rotational axis of the rotor blade, accounting for
the eccentric mass application.

Fig. 1 - Rotor blade beam model subjected to wind loads

The stiffness data of the blade thin-wall cross sections have been calculated in (Nan Li, 2015).
The generic aerodynamic blade geometry has been derived from real blade data.
The wind loads are calculated according to the formula for the aerodynamic lift force per unit
length of an aerofoil, see (T. Burton, 2011), p. 59:
* =  Ó ∙ = Ô ∙ Õ  ∙ ÖÊ


where:

Õ
Ó

= Ô
ÖÊ

(4.1)

: air velocity relative to the aerofoil

: air density = 1.225 [kg/m3]
: chord of the aerofoil

: lift coefficient ÖÊ = 2×  = 2× (Ù¦ 6.0) = 0.658,
Ø

the flow angle  is assumed to be 6.0 [deg]
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The air velocity Õ is the vector sum of the rotational speed Ω (assumed to reach 60 rpm in
the initial four seconds) and the wind speed ß, incident on the aerofoil in accordance with the
Betz-theory (T. Burton, 2011):
Õ = ΩÔ





+ ( ß)

à

where Ω = ( ×) in [rad/s]
á¦
à¦

Time series of a real wind speed measurements ß
force, shown in Figure 2:

(4.2)

are used to calculate the wind thrust

Fig. 2 - Wind thrust function acting on the rotor blade at 12.5 m

The resulting wind thrust loads T
per unit length along the x-axis of the rotor blade can be
determined as function of the wind speed ß . In the structural model the wind thrust loads
are acting as summarized nodal forces - see fig. 1.
In order to determine the proportional damping matrix d , see the equations of motion (2.1),
the lowest four natural frequencies and associated periods for the undamped system are
calculated to be
4.2

The damping approach

¿ = 2.643 /ã  3
¿ = 4.622 /ã  3
¿à = 7.942 /ã  3
¿æ = 16.650 /ã  3

³ = 0.378
³ = 0.216
³à = 0.126
³æ = 0.060

/ã3
/ã3
/ã3
/ã3

(4.3)

Stiffness proportional damping as a special case of Rayleigh damping has been assumed:
d =  

where

= =


y

 4y
Ø

= 0.000964/ã3

(4.4)

In Eq. (4.4) the damping ratio  = 0.008 for the first natural period ³ has been taken in
accordance with [21] p. 249.
The non-proportional symmetric damping matrix çd , including structural (proportional) and
aerodynamic damping is build by
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çd = d + -

(4.5)

where the matrix - represents aerodynamic damping. The formulation is based on a simple
expression for the aerodynamic damping coefficient =è Ô per unit length, given in (T.
Burton, 2011), p. 247:
=è Ô = Ó ∙ ΩÔ ∙ = Ô ∙



èé¼
èê

$

 

ë 

%,

where

èé¼
èê

= 2×

(4.6)

The associate symmetric damping matrix - for the Bernoulli-beam element is derived by
analogy with the method presented in (E. Stanoev, 2007) for the finite-element mass matrix,
for more details see (E. Stanoev, 2017).
System damping matrix here is çd - Eq. (4.5). The vector of the first ten complex conjugate
eigenvalue pairs of the matrix u = aT a , see Eq. (3.5), is
4.3

Non-proportionally damped system

(4.7)

The number of modes considered in the modal transformation is limited to the first four
eigenvector pairs. The structural system in Figure 1 has 54 DOF. The corresponding (108x8)
normalized modal matrix m° - Eq. (3.8b), is computed to (only the first ten rows are printed)

The matrix ¤Ì
(3.26a), (3.23):



(4.8)
is calculated in the case of four involved eigenmodes according to Eq.
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¤Ì



°
x
w
=w
w
w
v









° 





°

à





°

æ

}
|
|=
|
 |
 {

(4.9)

Finally the (108x8) real transformation matrix ¡° is computed according to (3.26a) - here only
the first ten rows:

ì=

(4.10)
After the modal transformation the time-dependent “load” vector is calculated to be a function
of the wind thrust time series, see Figure 2:
Y
x 
wℎ
w ⋯
wYæ
vℎæ

°

}
|

V d
| = ¡° ∙ u $ % =
|
{

(4.11)

Four uncoupled SDOFS block equations from type of Eq. (3.25) are solved by step-by-step
integration according to (3.29a-b):
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x
w
w
w
v

1

−




where

⋯

1

/

g3

2

} x } x



| w | w
| ∙ w ⋯ | + ww
| w 2 | w
2 { v
− 2 { ví






0



⋯

22


2

2

Y
} x  } x  }

| w  | w ℎ |
| ∙ w⋯ | = w ⋯ | ,
 | w2 |
wY2 |
2|

v
{
vℎ2 {
í
2
0{


j=4

(4.12)

=

/g 3 =

(4.13a,b)

The vibration-response in the next figures has been determined in the time 0… 25.6 s, the
time step length for the applied Newmark integration method is 0.03665 s.
The time response of the modal coordinates 
3a-c:

, 

, h = 1,2,3 are shown in Figures

Fig. 3a - Time response of the modal coordinates 

, 

for the case “non-proportional damping”

Fig. 3b - Time response of the modal coordinates 

, 

for the case “non-proportional damping”
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Fig. 3c - Time response of the modal coordinates à

, à

for the case “non-proportional damping”

The total responses for the original state variables  ,  , obtained by a back
transformation according to Eq. (3.30), are plotted in Figures 4-6 for the rotor blade tip:

Fig. 4 - Total vibrations ß

Fig. 5 - Velocities ß 

, ß à

, ßà

/3 (in y- and z-direction, see Fig.1) at the rotor blade tip - node #10

//ã3 (in y- and z-direction, see fig.1) at the rotor blade tip - node #10
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Fig. 6 - Torsional rotation resp. velocity ï

, ï 

at the rotor blade tip (node #10)

Comparison to the vibrations computed by direct step-by-step integration of the equations
(2.1) shows no significant deviancies except for the torsional rotation. This is probably due to
the absence of torsional eigenmode in the employed four eigenmodes.
By using the symmetric damping matrix d - Eq. (4.4), the resulting ten lowest complex
conjugate eigenvalue pairs are:
4.4

Proportionally damped system

(4.14)

The natural frequencies and the modal damping ratios associated to the four employed
eigenmodes are in this case:

/ðs 3 =
/g 3 =

(4.15a-b)

¡° =

(4.16)

The (108x8) real transformation matrix ñÊ , computed in regard with Eq. (3.26a), has now the
form (only the first ten rows are printed):
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The time-dependent “load” vector in the general modal transformed equations (3.27) is now
calculated to:
Y
x 
ℎ
w 
w ⋯
wYæ
vℎæ

°

}
|

V d
| = ¡° ∙ u $ % =
|
{

(4.17)

After step-by-step integration of the four modal equations, the time series of the modal
coordinates x j (t ), y j (t ) , ( j = 1, ...4 ) , are obtained - Figures 7 - 8:

Fig. 7 - Time response of the modal coordinates MT ò , T ò for the case “proportional damping”

Fig. 8 - Time response of the modal coordinates MW ò , NW ò for the case “proportional damping”

-1222-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

The total responses 
according to Eq. (3.30).

, 

- see Figs. 9-11, are computed by a back transformation

Fig. 9 - Total vibration resp. velocity ß

, ß 

(in y- direction) at the rotor blade tip - node #10

Fig. 10 - Total vibration resp. velocity ßà

, ß à

(in z- direction) at the rotor blade tip - node #10

Fig. 11 - Torsional rotation resp. velocity ï
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Fig. 12 - Total torsion

ϕ1 (t ) [rad ] at node #10, calculated by direct step-by-step integration
(“proportional damping”)

The time series for the DOF calculated by direct step-by-step integration of the equations of
motion (2.1) are practically identical to the vibrations in Figures 9-11. The only difference
occurs in the torsional vibration, compare Figures 11 and 12. The deviations may be
explained by the absence of a torsional eigenmode in the four employed eigenmodes in the
modal matrix.
5

RESULTS AND CONCLUSIONS

In the first variant (Sec. 2) of the proposed procedure the real transformation matrix is
assembled employing the right complex conjugate eigenvector pairs, normalized on the
SDOFS level and on MDOFS level with respect to the corresponding mass matrix. There are
shown and discussed in details advantages and differences in comparison with a similar
method (Fai F. Ma, 2010), (Fai F. Ma, 2011) called “phase synchronization”, which is based
on the “Lancaster” space state form of the equations of motion. The proposed procedure is
derived in a quite natural way, but it doesn’t base on the notion of “phase synchronization”.
The second presented variant (Sec. 3) operates with both the right and the left complex
eigenvector pairs. In this version the eigenvectors for the MDOFS are normalized by using
the orthogonality relationships between the right and left complex eigenvectors.

In both proposed procedures the real-space modal transformation matrix ¡ is developed by
combining of two complex transformations, resulting from the eigenvalue problem of the
SDOFS and the MDOFS. Analytical expressions for the real-space transformation matrix and
for the real-space “right side” vector of the uncoupled modal equations are derived.

Both presented variants of the modal procedure retain the common advantages of the classic
modal decomposition of the equations of motion. An uncomplete modal transformation may
be performed by use of a few (k << n) eigenmodes to transform the state space equations into
k uncoupled SDOFS block equations in real space. Employing only the k lowest eigenvector
pairs in the ¡ -basis is leading with sufficient numerical accuracy to the total time response of
all original n DOF - as shown in the numerical example in Sec. 4.
A structural-mechanical example with 54 DOF - vibration of a wind turbine rotor blade
subjected to wind thrust loads - demonstrates the performance of the second presented modal
procedure (Sec.3) for two cases - non-proportional and proportional (Rayleigh) damping.
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ABSTRACT
Dynamic wheel load, which has a large magnitude in short duration, can be induced by the
wheel/rail irregularities. Due to the increase of traffic and load demands, these can accelerate
the deterioration of railway track. In addition, ballast fouling, which is a serious concern in
the railway system, may increase the dynamic wheel load due to the reduction of ballast
modulus. This paper demonstrates the effects of fouled ballast in both dry and wet condition
on the dynamic wheel load generated by train. It is noted that the ballast is assumed as dry
and wet fouled conditions by different values of ballast modulus.
Keywords: dynamic wheel load, impact load, fouled ballast, ballast fouling, wet ballast.
INTRODUCTION
At present, railway track structures often experience harsh environments and dynamic loading
conditions due to wheel/rail interactions associated with abnormalities in either a wheel or a
rail (Remennikov, 2008). Due to the increased traffic and load demands, train speed also
plays a significant role in the increase of impact load along the rails. The higher impact load
can induce track deterioration. The most significant track deterioration is located on ballast
(Ngamkhanong, 2017). Ballast deterioration and fouling are serious concerns in the railway
system and can be caused by repeated dynamic loadings from train, which lead to crushing
ballast that is in contact with sleepers. The water is retained in the ballast layer as the
percentage of ballast fouling increases.
Based on the relevant literature, non-invasive measuring technique has been used to estimate
the ballast and sub-ballast modulus using seismic Raleigh waves (Stark, 2016). It was found
that the ballast modulus can be reduced significantly when the fouled ballast was in wet
condition. This paper presents the effects of fouled ballast in dry and wet conditions on the
dynamic wheel load generated by high speed trains. Moreover, wheel irregularities, which
induce high impact load, are considered. DTRACK software is used for simulating the wheel
dynamic load with a half of single bogie with two wheels running on coupled model with
different speeds (Cai, 2006). Dynamic track responses, impact load and displacement,
considering fouled dry and wet ballasts are presented and compared.
RESULTS AND CONCLUSIONS
The study results exhibit that the fouled ballast in wet condition has a significant effect on the
increase of wheel impact load. Moreover, the increase of train speed can also cause the higher
-1227-
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wheel load. This leads to the higher track settlement and deterioration. The understanding
from this paper will help improve the practical maintenance issues and enable predictive track
maintenance regime in railway industry.
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ABSTRACT
In this work, we present an analysis through the hysteresis loops of the performances of the
modified Bouc-Wen model governing the internal dynamics of a MR buffer. The analysis of
the energy dissipated by vibration cycle is carried out by a dynamic characterization of this
damper on a dynamic traction machine in order to examine the effect of the frequency and the
excitation current on the energy dissipated and by consequently on the equivalent damping
coefficient. The dynamic responses of the modified Bouc-Wen numerical model have been
confronted with the experimental responses, and then re-calibrated to them, by adjusting the
most influential parameters of this model.
Keywords: MR damper, modified Bouc-Wen model, hysteresis, dissipated energy.
INTRODUCTION
A large domain of use of Magneto-rheological (MR) dampers allowed the researchers to
improve the performance of the latter, by focusing on their internal dynamics. Indeed several
mathematical models highlighting the physical and energy characteristics (electric current,
magnetic fields, flow, viscosity) of MR fluids allowed the development of several digital
models governing the internal dynamics of these dampers such as hysteretic models BoucWen (1976) and modified Bouc-Wen (1997).
Hysteresis is a phenomenon observed in many scientific fields, in particular mechanical and
materials and magnetism. The Bouc-Wen model is a smooth endochronic model that is often
used to describe these phenomena. It was introduced by Bouc in 1967 and later extended by
Wen in 1976 and modified by Spencer et al. in 1997. It has been widely used for the modeling
of MR dampers (Yoshioka et al., 2002) and others. That they are treated by identification or
optimization calculations, these modeling due to significant progress in the theoretical fields
and calculations, are compelled to targets more ambitious quality and reliability.
It is in this context that we present this work, where we analyze through the hysteresis loops
modified Bouc-Wen model Figure 1 performances governing the internal dynamics of a
Magneto-Rheological damper. The analysis of the energy dissipated per cycle of vibration is
performed by dynamic characterization of this damper on a dynamic traction machine Figure
2 in order to examine the effect of the frequency, amplitude and the excitation current on the
dissipated energy and therefore the equivalent damping coefficient. The dynamic responses of
the modified Bouc-Wen digital model will be compared with experimental answers and
readjusted on the latter, while performing an adjustment of the most influential model
parameters.
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RESULTS AND CONCLUSIONS
From this study we can see first through the characterization of the MR damper, the
equivalent damping coefficient experimentally obtained (Figure 3), is a factor very complex,
difficult to quantify because it depends on several parameters which are the frequency and
amplitude of oscillation supplied thereto as well as the intensity of current issued to it.
However, this will allow us to better approximate the parameters of the internal dynamics of
the MR damper polynomial functions that take into account the effect of the excitation
frequency also.
Finally this work allowed through confrontation hysteresis curves force/displacement and
force/velocity (Figure 4), obtained by experimental measurements and calculations on the
modified Bouc-Wen model, readjust the responses calculated from the experimentation for a
representative numerical model for real damper.

Fig. 1 - Modified Bouc-Wen model by
Spencer et al, 1997.

Fig. 2 - Characterization of the MR damper (RD-10053) on traction machine 'MTS 810'
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ABSTRACT
The present work presents an investigation about the influence of an infill wall on the
dynamic behavior of a tuned mass damper (TMD) designed to control lateral displacements of
a framed building structure under seismic excitation. A Macro-Simulink model is used to
simulate the hysteretic behavior of the infill wall under cyclic loading assuming two
hysteretic models: stiffness degradation and strength degradation. A MATLAB/Simulink code
was implemented to evaluate the influence of each model on the structural response of the
controlled structure. Finally, the numerical results are presented and discussed for comparison
and further studies.
Keywords: Structural control, passive systems, tuned mass dampers (TMD), hysteretic
behavior.
INTRODUCTION
The use of vibration control systems in civil engineering applications, particularly passive
control systems, has grown in recent years due to safety demands to protect critical facilities
or buildings under natural hazard events such as strong winds or severe earthquakes. Given
the reliability of passive systems, they are remarkably well accepted by engineers and
constructors, and nowadays there are several civil structures equipped with base isolation,
viscous dampers and tuned mass dampers (TMDs).
A common approach to design structural systems is to neglect the presence and therefore the
behavior of non-structural components in the analysis. However, these elements can present a
highly non-linear behavior with a large initial stiffness that can significantly influence the
response of the structure. This approach should be evaluated whether such simplification is
appropriate to design passive control systems for building structures. TMDs can be seen as
secondary oscillators or harmonic absorbers designed to reduce the amplitude of structural or
mechanical vibrations. The performance of these devices is strictly related with the accurate
definition of the dynamic properties of the main structure. Thus, the existence of nonstructural elements may influence the structural behavior, and consequently, the performance
of the control system.
This paper is devoted to study the influence of an infill wall in the effectiveness of a TMD. A
two degree-of-freedom (2-DOFs) system representing a single-story framed structure
equipped with a TMD is used to assess the performance of the control system in the presence
of the non-structural element. Stiffness and strength degradation models are used to represent
the hysteretic response of the infill wall.
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NUMERICAL MODEL
The numerical model of the controlled structure under the seismic excitation is shown in
Figure 1. It shows a two degree-of-freedom (2-DOFs) system representing a single-story
framed structure,  , equipped with a TMD,  . The main structure is connected to the
exterior by a spring of stiffness  , and by a damping constant =. In the same way, the TMD
is connected to the main structure by a spring of stiffness  , and by a damping constant = .

A Simulink model was implemented based on the properties of the structural system. It was
considered in this study the following parameters: mass of the structure  = 5000Y; the
period T = 1.0s, the structural damping coefficient ξ = 0.05 and the mass ratio between the
TMD and the structure õ = 0.15.
x2 (t)

m2
k2
,c
2 2

k2
,c
2 2
y

x1 (t)

x

m1
k1
,c
2 1

k1
,c
2 1
y
x

xg (t)

xg (t)

Fig. 1 - Schematic representation of the two DOFs structural system.

The Macro-Simulink numerical model is based on a smooth hysteretic model originally
suggested by Bouc, 1967. The Macro-Simulink model used in this study was modified and
adapted from Mousavi, et al, 2015 (Wen, 1976, Baber and Noori, 1985, Casciati, 1989,
Reinhorn et al., 1995, Oliveira, 1995, Sivaselvan and Reinhorn, 2000, Braz-César et al.,
2013).
To verify the influence of an infill wall in the performance of a TMD, it was considered three
cases of hysteretic behavior of the non-structural wall. The first case is a plain hysteretic
behavior without any degradation. In the second case of hysteretic behavior only the stiffness
degradation will be considered. The third case, in addition to the stiffness degradation, it will
be considered the strength degradation of the non-structural wall.
Table 1 - Considered hysteretic parameters to simulate deferent frame behaviors (in all cases,
 = ö ÷/ø, eÁN = ö ù÷, ú = û, - = . ö, ü = T).

Case
0
I
II

Hysteretic behavior

Plain
Stiffness degradation
Stiffness and strength degradation

Mousavi, et al. 2015.
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This study will be carried out using two different acceleration signals (Folhento, 2017). One
represents a harmonic generic signal composed by five sections with different and growing
acceleration as can be seen in Figure 2 and its corresponding function in Equation 1. The
second proposed signal, represented in Figure 3, is the ground acceleration of the well-known
El Centro earthquake, occurred in southeastern California on May 18, 1940.

sin(2πt), for
3
 2 sin(2πt), for

Generic Signal → 2sin(2πt), for

3sin(2πt), for
0,
for

0s ≤ t< 4s
4s ≤ t < 8s
8s ≤ t< 12s
12s ≤ t< 16s
t ≥ 16s

Fig. 2 - Generic harmonic signal accelerations.

Fig. 3 - N-S component of El-Centro earthquake ground motion.
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PLAIN HYSTERETIC BEHAVIOR (CASE 0)
A simple hysteretic behavior without degradation, suitable for well-detailed steel structures,
e.g., special moment resisting frames (SMRFs), is represented by the following equations

Pf = kf x = (ak0 + khyst) x

P

khyst = (1 − a) k0 1 − f
 Pfy

N


η sgn ( (1 − a) Pf x&) + 1 − η 




(1)
(2)

where  is the nonlinear total lateral stiffness of the frame, ¦ is its initial lateral stiffness, 0
is the post-yield stiffness ratio, ܰ a parameter that controls the transition smoothness from
pre-yield to post-yield and  controls the shape of the discharge path.  and © are the
current frame shear and its yield value, respectively. Additionally, ãYj is the signum
function.
Using the previously mentioned numerical model, considering the case of plain hysteretic
behavior of the frame (Case 0) and therefore using the Equations 2 and 3, based on the values
of Table 1, the structural responses of the system represented in Figure 1, under the two
accelerations considered in this study, one being the generic signal of growing acceleration
and the other the seismic acceleration correspondent to the El Centro’s earthquake, can be
obtained.
The graph of Figure 4 shows the structural response of the structure under the generic signal
acceleration, controlled or uncontrolled and with or without infill wall, in terms of
displacements in respect to time.
In Figure 5 the graph displays the response in terms of displacements in respect to time of the
second mass equivalent to the mass of the TMD, under the generic signal acceleration, being
applied to the structure with or without infill wall.
The following two graphs describe the generalized force-displacement responses or hysteretic
loops of the infill wall structure, under the generic acceleration, having on Figure 6(a) and (b)
the uncontrolled and controlled response with the TMD with 15% of structure mass,
respectively.

Fig. 4 - Displacement responses of the structure under the generic signal acceleration, considering Case 0 of
hysteretic behavior.
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Fig. 5 - Displacement responses of the TMD under the generic signal acceleration, considering Case 0 of
hysteretic behavior.

(b)

(a)

Fig. 6 - Hysteretic cycles of the infill wall structure under the generic signal acceleration, considering a plain
hysteretic behavior (Case 0): (a) Uncontrolled response; (b) Controlled response with TMD.

Making use of the same numerical model, the structural responses of the system in study,
subjected to the seismic acceleration of the El Centro’s earthquake, can be found using the
same expressions of the simple hysteretic behavior of the frame (Case 0).
Having this, Figure 7 therefore presents the response of the structure controlled or
uncontrolled, with or without infill wall, in terms of displacements as a function of time.
Additionally, Figure 8 shows the response in terms of displacements in respect to time of only
the passive control system, TMD, under the seismic acceleration, being applied to the
structure with or without infill wall.
The graphs of Figure 9, display the hysteretic cycles, representing the relation between the
force or strength capacity of the frame and its corresponding displacement, when subjected to
the considered seismic acceleration. In which, Figure 9(a) shows the hysteretic loops of the
uncontrolled system, opposing with the hysteretic loops of the controlled system with the
TMD on Figure 9(b).
-1235-

Symp-13: Structural Dynamics and Control Systems. Theory, Experiments and Applications

Fig. 7 - Displacement responses of the structure under the seismic acceleration, considering Case 0
of hysteretic behavior.

Fig. 8 - Displacement responses of the TMD under the seismic acceleration, considering Case 0 of hysteretic
behavior.

Fig. 9 - Hysteretic cycles of the infill wall structure under the seismic acceleration, considering a plain hysteretic
behavior (Case 0): (a) Uncontrolled response; (b) Controlled response with TMD.
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STIFFNESS DEGRADATION (CASE I)
The stiffness degradation arises from geometric effects. Elastic stiffness reduces with
increased ductility. The stiffness degradation is implemented in the Macro-Simulink model
through the so-called pivot rule (Park et al., 1987). Most reinforced concrete undergoes
stiffness degradation that should be accounted in a nonlinear dynamic analysis. To address
this case, §©ëA should be modified as follows

P

khyst = (R k − a) k0 1 − f
 Pfy

N


η sgn ( (1 − a ) Pf x&) + 1 − η 




(4)

where

Pf = kf x = (ak0 + khyst) x

(5)

Pf + αPfy

(6)
k0 x + αPfy
The parameter α can regulate the stiffness degradation. The higher the α, the lower the
stiffness degradation. It should be pointed out that ܴ in Equation 4 is a positive parameter
and the unit is its maximum possible value. Nevertheless, ܴ is also a decreasing function of
time, since the stiffness of the structure would not increase after deterioration, regardless of
the current displacement.
Rk =

Considering now the stiffness degradation, using the Equations 4, 5 and 6, with the respective
values presented in Table 1, the structural responses of the system illustrated in Figure 1,
when subjected to the two considered accelerations signals in the present study, can be found
by applying these considerations in the previously referred numerical model.
The structural responses are obtained in the same manner as the previous case of hysteretic
behavior. Hence, the results relative to the system considering the stiffness degradation of the
frame (Case I), under the generic signal acceleration are presented in Figures 10, 11 and 12. In
like manner, the structural responses of the system admitting the same case of hysteretic
behavior, under the seismic acceleration are shown in Figures 13, 14 and 15.

Fig. 10 - Displacement responses of the structure under the generic signal acceleration, considering Case I of
hysteretic behavior.
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Fig. 11 - Displacement responses of the TMD under the generic signal acceleration, considering Case I of
hysteretic behavior.

Fig. 12 - Hysteretic cycles of the infill wall structure under the generic signal acceleration, considering the
stiffness degradation (Case I): (a) Uncontrolled response; (b) Controlled response with TMD.

Fig. 13 - Displacement responses of the structure under the seismic acceleration, considering Case I of
hysteretic behavior.
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Fig. 14 - Displacement responses of the TMD under the seismic acceleration, considering Case I of
hysteretic behavior.

Fig. 15 - Hysteretic cycles of the infill wall structure under the seismic signal acceleration, considering the
stiffness degradation (Case I): (a) Uncontrolled response; (b) Controlled response with TMD.

STIFFNESS AND STRENGTH DEGRADATION (CASE II)
To counteract the P-∆ effects, as well as the strength deterioration during repeated load
inversions, a degradation of resistance based on energy/ductility is implemented in the MacroSimulink model. This is achieved by the following modification on the yield strength.
1


β
 xmax  1  

β2H

Pfy = Pfy0 1 − 
1−
  xult    (1 − β2 )H ult 



(7)

The degraded and initial yielding strength of the frame are indicated by © and ©¦ ,
respectively. The parameters ß୫ୟ୶ and ß୳୪୲ are the maximum displacement in the current load
inversion and the ultimate displacement capacity of the frame, respectively. The dissipated
energy accumulated at the current displacement is represented by  ܪand ୳ܪ୪୲ is the ultimate
dissipated energy under monotonic (non-cyclic) load. Furthermore,  and  are degradation
parameters based on ductility and energy dissipation demands, respectively.
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Strength degradation should be considered for ordinary or intermediate moment resisting
frames under great ductility demands. Most reinforced concrete frames and shear walls would
also experience strength deterioration.
To consider the strength and stiffness degradation of the frame (Case II), the values presented
in Table I corresponding to this case of hysteretic behavior must be applied in the Equation 7
and in the referred numerical model.
To obtain the structural responses considering the case with strength and stiffness
degradation, the same procedure used in the previous simulations is carried out.
Thus, the results corresponding to the system subjected to the generic signal acceleration are
presented in Figures 16, 17 and 18, as well as the results relative to the same system, but now
under the seismic acceleration, are shown in Figures 19, 20 and 21.

Fig. 16 - Displacement responses of the structure under the generic signal acceleration, considering Case II of
hysteretic behavior.

Fig. 17 - Displacement responses of the TMD under the generic signal acceleration, considering Case II of
hysteretic behavior.
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Fig. 18 - Hysteretic cycles of the infill wall structure under the generic signal acceleration, considering the
stiffness and strength degradation (Case II): (a) Uncontrolled response; (b) Controlled response with TMD.

Fig. 19 - Displacement responses of the structure under the seismic acceleration, considering Case II of
hysteretic behavior.

Fig. 20 - Displacement responses of the TMD under the seismic acceleration, considering Case II of
hysteretic behavior.
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Fig. 21 - Hysteretic cycles of the infill wall structure under the seismic acceleration, considering the stiffness and
strength degradation (Case II): (a) Uncontrolled response; (b) Controlled response with TMD.

RESULTS AND CONCLUSIONS
The results of the peak responses (considering displacements, velocities, accelerations and
drift displacements between the structure and the TMD) of the system in study when
requested by the generic signal and seismic accelerations, are presented in Table 2 and Table
3, respectively.
Based on the observation of Table 2, it can be always verified that the presence of a vibration
control system, such as the TMD in this specific case, has an effective and positive influence
on the structure in all cases and responses type, whenever it is filled or not with wall.
Analyzing now the different cases of hysteretic behavior of the frame, it can be seen that in a
case where the stiffness and strength degradation are considered, the percentage of reduction
with respect to the uncontrolled case is higher (in modulus) than other cases of hysteretic
behavior. However, if the comparison was to be between the values of the infill wall structure
controlled with the TMD, with the values of the uncontrolled structure without infill wall, it
would be verified that the higher percentage of reduction would be seen in the case of simple
hysteretic behavior.
Despite having a more irregular acceleration for the seismic signal, as natural from
earthquakes, the same conclusions can be proved. Nonetheless, in the results with respect to
the seismic request, the reductions are very small, verifying only slight reductions in between
cases of hysteretic behavior, but on the other hand significant reductions in comparison with
the uncontrolled case.
With the analysis of the peak responses, it can be concluded that as it moves on to a case of
hysteretic behavior more realistic, i.e., plain hysteretic to strength and stiffness degradation,
the reduction with respect to the uncontrolled structure without infill wall is smaller.
Additionally, when the comparison is in between the cases of hysteretic behavior with respect
to the corresponding case in the uncontrolled state, it can be concluded that in a case more
realistic, the percentage of reduction is higher (in modulus). This can be verified on all
responses types, i.e., displacements, velocities, accelerations and drift displacements.
Observing now in sequence the graphs of Figures 4, 10 and 16, it can be proved that the
structural response of the infill wall structure, in terms of displacement, increases from the
plain hysteretic behavior (Case 0) to the case where the stiffness and strength degradation
(Case II) is considered (green and blue lines), corroborating with the prior paragraphs based
on Table 2.
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Table 2 - Peak responses of the structure under the generic signal acceleration.

(m)

Case of hysteretic behavior

Peak responses


(m/s)


(m/s2)

drift
(m)

Without infill wall

0.673

4.184

26.565

0.673

Case 0

0.145

0.860

6.357

0.145

Case I

0.186

1.134

7.722

0.186

Case II

0.433

2.929

24.342

0.433

Uncontrolled

0.233

(-189%)

1.443

(-190%)

9.007

(-195%)

0.233

(-189%)

Without infill wall
0.512
0.100

2.947
(-45%)

18.267

0.604

(-42%)

4.406

0.484
(-44%)

0.100

(-45%)

Case 0
0.311

Controlled
with TMD

0.120

1.918
(-56%)

11.997

0.743

(-53%)

5.031

0.285
(-53%)

0.120

(-56%)

Case I
0.353
0.203

2.171
(-113%)

13.576

1.252

(-134%)

7.908

0.331
(-208%)

0.192

(-126%)

Case II
0.493
a.
b.

2.725

16.796

0.378

The first and second lines represent the peak responses for the first and second floors, respectively, the main
structure and the TMD.
The percentage on the left of the values stands for the percentage of increase or decrease of the peak responses with
respect to the corresponding uncontrolled response.

Table 3 - Peak responses of the structure under the seismic acceleration of El Centro’s earthquake.

(m)

Case of hysteretic behavior

Peak responses


(m/s)


(m/s2)

drift
(m)

Without infill wall

0.128

0.906

7.025

0.128

Case 0

0.064

0.627

6.391

0.064

Case I

0.066

0.636

6.381

0.066

Case II

0.066

0.635

6.353

0.066

Uncontrolled

0.081

(-57%)

0.577

(-57%)

4.854

(-45%)

0.081

(-57%)

Without infill wall
0.160
0.058

0.922
(-11%)

0.610

5.899
(-3%)

6.007

0.147
(-6%)

0.058

(-11%)

Case 0
0.101

Controlled
with TMD

0.059

0.643
(-11%)

0.620

5.206
(-3%)

5.975

0.106
(-7%)

0.059

(-11%)

Case I
0.108
0.059

0.669
(-11%)

0.619

5.218
(-3%)

5.952

0.113
(-7%)

0.059

(-11%)

Case II
0.109
a.
b.

0.669

5.196

0.113

The first and second lines represent the peak responses for the first and second floors, respectively, the main
structure and the TMD.
The percentage on the left of the values stands for the percentage of increase or decrease of the peak responses with
respect to the corresponding uncontrolled response.
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In the same line of thought, seeing the graphs of Figures 7, 13 and 19 in sequence, which now
consider that the system is subjected to the seismic acceleration instead of the generic signal
acceleration, the changes between the different cases of hysteretic behavior are not very
perceptive, since a seismic acceleration is very irregular, leading to a structural response also
irregular. Although the structural response is irregular, the peak responses have a slight
increase from the Case 0 to the Case II.
The same conclusions can be verified when observing sequentially the graphs of Figures 5, 11
and 17, in which the response of the TMD in terms of displacement increase from the Case 0
to the Case II, verifying that in the case of stiffness and strength degradation the response
with infill wall has the smaller reduction in relation with the case without infill wall, when
comparing it with the other cases of hysteretic behavior. The successively observation of the
graphs of Figures 8, 14 and 20, considering now the seismic acceleration, leads to identical
conclusions, although it has a slight increase in the displacement response from Case 0 to
Case II it is not very perceptive.
Observing now the graphs of Figures 6, 12 and 18, showing the hysteretic loops of Cases 0, I
and II, respectively, and focusing only on the uncontrolled cases, it can be seen that in the first
case where stiffness degradation is not considered, the charge and discharge curves remain
approximately parallels, meaning that the stiffness degradation is almost inexistence, since the
stiffness is reflected by the slope of the charge and discharge curves. In addition, the fact that
the system has great stiffness, leads to bigger displacements for higher values of the strength
capacity of the frame. The evolution of the hysteretic cycles with the requested acceleration
through time, implies a greater energy dissipation reflected by the increasing area of the
cycles.
The stiffness degradation is now evident when observing the Figure 12 in particular, where
now the slope of the charge and discharge curves vary from cycle to cycle. Also, the cycles
area is less than the previous case, and it shows a slight increase of the displacement, for the
same value of the strength capacity of the frame, when comparing it with the case of plain
hysteretic behavior.
In the graphs of Figure 18 that show the case of stiffness and strength degradation, it can be
observed that besides the slope variation of the charge and discharge curves, reflecting the
stiffness degradation, a decreasing in strength capacity of the frame can also be verified,
resulting in higher values of displacements. This is easily noted, since the transformation of
the hysteretic cycles form goes from vertical to horizontal form. This shows that in the earlier
cycles of the uncontrolled case, the wall has strength capacity of approximately 900kN,
presenting displacements of about 5cm, and in the last cycles has approximately 250kN, for
displacements of about 40cm.
It should be noted that in the case that the strength degradation is added, the initial strength
capacity is less than the previous case, in about 250kN.
This situation resulted in a numerical instability, being necessary to interrupt purposely the
numerical simulation at approximately 15.8s. In reality, this translates into a structural
instability of the wall, more specifically the failure of the wall out of its plane. This fact can
be easily proved by the observation of the graph of Figure 16, where the “green line” presents
a permanent displacement of about 5cm comparing it with its original position.
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The same characteristics of the hysteretic loops may be withdrawn when observing the
controlled cases. However, the presence of the vibration control system, in this case the TMD,
shows a significant reduction of the displacements preserving the same strength capacity of
the wall. The presence of the TMD also provides a less contribution of the wall in the action
of energy dissipation.
Also, it should be pointed out that the structural instability no longer happens in the presence
of the TMD, which can be seen in the graph of Figure 16 (blue line) and on the graph of
Figure 18(b).
By the observation of Figures 9, 15 and 21, in which the seismic acceleration is now
considered, despite the irregularity of the hysteretic cycles, the same conclusions and
characteristics can be applied, despite not being so obvious. Nevertheless, the presence of the
TMD still reduces significantly the displacements of the wall, providing less contribution of
the wall in the energy dissipation.

REFERENCES
[1] Baber, T. T., and Noori, M. N. (1985). Article. Random Vibration of Degrading,
Pinching Systems. J. Engrg. Mech., ASCE, 111(8), pp. 1010-1026.
[2] Casciati, F. (1989). Article. Stochastic Dynamics of Hysteretic Media. Amsterdam:
Struct. Safety, 6, pp. 259-269.
[3] Bouc, R. (1967). Article. Forced Vibration of Mechanical Systems with Hysteresis.
Proceedings 4th Conf. on Non-linear Oscillations.
[4] Braz-César M., Oliveira D., Barros R. (2013) Validação Numérica da Resposta Cíclica
Experimental de Pórticos de Betão Armado (in portuguese). Revista da Associação
Portuguesa de Análise Experimental de Tensões - Mecânica Experimental, 22, pp. 1-13.
[5] Folhento P., (2017) Estudo da Influência de Paredes de Alvenaria no Desempenho de
Amortecedores de Massa Sintonizada. MSc Thesis, Politechnic Institute of Bragança.
[6] Mousavi, S. A., Zahrai, M. S., and Saatcioglu, M. (2015). Article. Toward Buckling Free
Tension-Only Braces Using Slack Free Connections. Journal of Constructional Steel
Reasearch, Vol. 115, pp. 329-345 - ELSEVIER.
[7] Oliveira D., (1995) Comportamento de Pórticos de Betão Armado Preenchidos com
Paredes de Alvenaria (in portuguese). MSc thesis, University of Porto.
[8] Park, Y. J., Ang, A. H.-S., and Wen, Y. K. (1987). Article. Damage - Limiting Aseismic
Design of Buildings. Earthquake Spectra, Vol. 3, Nº1.
[9] Reinhorn, A. M., Madan, A., Valles, R. E., Reinchmann, Y., and Mander, J. B. (1995).
Technical Report NCEER-95-0018. Modeling of Masonry Infill Panels for Structural
Analysis. State University of New York at Buffalo, Buffalo, N.Y.

-1245-

Symp-13: Structural Dynamics and Control Systems. Theory, Experiments and Applications

[10] Sivaselvan, M. (2013) Hysteretic models with stiffness and strength degradation in a
mathematical programming format, International Journal of Non-Linear Mechanics, 51, pp.
10-27.
[11] Sivaselvan, M. V., and Reinhorn, A. M. (2000). Article. Hysteretic Models for
Deteriorating Ineslatic Structures. Journal of Engineering Mechanics, Vol. 126, Issue 6, pp.
633-640.
[12] Wen, Y.-K. (1976). Article. Method for Random Vibration of Vibration of Hysteretic
Systems. J. Engrg. Mech. Div., ASCE, 102(2), pp. 249-263.

-1246-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7285

STRUCTURAL CONTROL OF A SDOF FRAME WITH NON-LINEAR
HYSTERETIC BEHAVIOR USING A TUNED MASS DAMPER
Pedro L.P. Folhento1(*), Manuel T. Braz-César2, António M.V. Paula2, Rui C. Barros3
1
Master in Civil Engineering, Polytechnic Institute of Bragança
2
Department of Applied Mechanics, Polytechnic Institute of Bragança
3
Department of Civil Engineering, Faculty of Engineering of the University of Porto
(*)
Email: pedro.lp.folhento@gmail.com

ABSTRACT
This paper presents a parametric study on the control parameters of a Tuned Mass Damper
(TMD) to reduce the seismic response of a simple framed structure with non-linear hysteretic
behavior. A numerical model was implemented in MATLAB/Simulink to obtain the structural
response and evaluate the contribution of each control parameter to the system. Based on the
results, it can be concluded that the appropriate definition of some control parameters are
crucial to reach rapidly and consistently the optimal TMD performance.
Keywords: structural control, passive systems, tuned mass damper (TMD).
INTRODUCTION
Tuned mass dampers (TMDs) are common passive control devices for full-scale civil
engineering applications such as tall buildings, bridges, towers and other slender structures.
The design procedure requires the definition of some control parameters selected in
accordance with the properties of the system that is being controlled. The main purpose is to
reduce the motion (usually displacement and/or acceleration amplitude) of a structural system
under wind or earthquake excitation. Although typical structural design is based on linear
elastic analyses, actual civil structures are indeed non-linear and complex systems that are
usually linearized to simplify the design procedure. Furthermore, non-structural components
are neglected in this stage contributing to the simplification of the real structural behavior.
The implementation of passive control systems assuming an elastic response is required to
ensure an elastic structural performance during large earthquake events. However, real
structural systems present some type of non-linearities that is not taken into consideration in
the design process. Since tuning the control parameters of a TMD requires knowledge about
the structure properties, those non-linearities can compromise the overall performance of the
control system (Paredes, 2008).
This paper presents a numerical analysis to investigate the influence of some control
parameters of a TMD in reducing the response of a non-linear system. In this case the TMD is
used as a passive harmonic absorber to control the lateral displacement of a single degree-offreedom (SDOF) structure under seismic excitation. A parametric study is carried out to
highlight the importance of each parameter in the system response. For instance, the mass
ratio (i.e., the ratio between the mass of the TMD and the mass of the structure) is of
particular importance to achieve the optimal controlled response. Hence, the effect of this
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parameter is used to assess the performance of the TMD in the presence of structural
components with inelastic behavior.
NUMERICAL MODEL
The numerical model of the controlled structure under the seismic excitation is shown in
Figure 1. It shows a two degree-of-freedom (2-DOFs) system representing a single-story
framed structure,  , equipped with a TMD,  . The main structure is connected to the
exterior by a spring of stiffness  , and by a damping constant =. In like manner, the TMD is
connected to the main structure by a spring of stiffness  , and by a damping constant = .

A Simulink model was implemented based on the properties of the structural system. It was
considered in this study the following parameters: mass of the structure  = 5000Y; the
period T = 1.0s and the structural damping coefficient ξ = 0.05.
x2 (t)

m2
k2
,c
2 2

k2
,c
2 2
y

x1 (t)

x

m1
k1
,c
2 1

k1
,c
2 1
y
x

xg (t)

xg (t)

Fig. 1 - Schematic representation of the two DOFs structural system.

The Macro-Simulink numerical model is based on a smooth hysteretic model originally
suggested by Bouc. The Macro-Simulink model used in this study was modified and adapted
from Mousavi, et al, 2015 1967 (Wen, 1976, Baber and Noori, 1985, Casciati, 1989,
Reinhorn et al., 1995, Sivaselvan and Reinhorn, 2000, Braz-César et al. 2013).
To verify the influence of an infill wall in the performance of a TMD, it was considered three
cases of hysteretic behavior of the non-structural wall. The first case is a plain hysteretic
behavior without any degradation. In the second case of hysteretic behavior only the stiffness
degradation will be considered. The third case, in addition to the stiffness degradation, it will
be considered the strength degradation of the non-structural wall.
In each case of hysteretic behavior, the value of the mass ratio was changed giving õ = 0.05,
õ = 0.10, õ = 0.15 and õ = 0.20, to assess the performance of the TMD in the presence of
structural components with inelastic behavior, looking for the optimal controlled response.
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Table 1 - Considered hysteretic parameters to simulate deferent frame behaviors (in all cases,
 = ö ÷/ø, eÁN = ö ù÷, ú = û, - = . ö, ü = T).

Case

Hysteretic behavior

α

β

β

0

Plain

50

0

0

I

Stiffness degradation

1

0

0

II

Stiffness and strength degradation

1

0.3

0.3

Mousavi et al., 2015.

This study will be carried out using two different acceleration signals (Folhento, 2017). One
represents a harmonic generic signal composed by five sections with different and growing
acceleration as can be seen in Figure 2 and its corresponding function in Equation 1. The
second proposed signal, represented in Figure 3, is the ground acceleration of the well-known
El Centro earthquake, occurred in southeastern California on May 18, 1940.

sin(2πt), for
3
 2 sin(2πt), for

Generic Signal → 2sin(2πt), for

3sin(2πt), for
for
0,

0s ≤ t< 4s
4s ≤ t < 8s
8s ≤ t< 12s
12s ≤ t< 16s
t ≥ 16s

Fig. 2- Generic harmonic signal accelerations.
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Fig. 3 - N-S component of El-Centro earthquake ground motion.

PLAIN HYSTERETIC BEHAVIOR (CASE 0)
A simple hysteretic behavior without degradation, suitable for well-detailed steel structures,
e.g., special moment resisting frames (SMRFs), is represented by the following equations

Pf = kf x = (ak0 + khyst) x

P

khyst = (1 − a) k0 1 − f
 Pfy

N


η sgn ( (1 − a) Pf x&) + 1 − η 




(2)

(3)

where  is the nonlinear total lateral stiffness of the frame, ¦ is its initial lateral stiffness, 0
is the post-yield stiffness ratio, ܰ a parameter that controls the transition smoothness from
pre-yield to post-yield and  controls the shape of the discharge path.  and © are the
current frame shear and its yield value, respectively. Additionally, ãYj is the signum
function.
To determine the structural responses of the system represented in Figure 1 under the two
signal accelerations considered, for each case of hysteretic behavior and each value of the
mass ratio, it was used the numerical model previously mentioned above.
The graphs of Figures 4 to 7 shows the structural response of the system in study, considering
the plain hysteretic behavior, subjected to the generic signal acceleration, for the values of the
mass ratio õ = 0.05, õ = 0.10, õ = 0.15 and õ = 0.20, respectively, as well as graphs of
Figures 10 to 13 but now when the system is subjected to the seismic acceleration.
The plain hysteretic behavior is described by the graphs of Figures 8 and 14 for the generic
signal and seismic acceleration, respectively, where it shows the generalized forcedisplacement responses for the four different values of the mass ratio, comparing it with the
corresponding uncontrolled case.
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The response in terms of displacement of the TMD for different mass ratios, when the system
represented in Figure 1 is subjected to the generic signal and seismic acceleration is described
in Figures 9 and 15.

Fig. 4- Displacement responses of the structure controlled with a TMD with 5% of the structure mass, under the
generic signal acceleration, considering Case 0 of hysteretic behavior.

Fig. 5 - Displacement responses of the structure controlled with a TMD with 10% of the structure mass, under
the generic signal acceleration, considering Case 0 of hysteretic behavior.
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Fig. 6 - Displacement responses of the structure controlled with a TMD with 15% of the structure mass, under
the generic signal acceleration, considering Case 0 of hysteretic behavior.

Fig. 7 - Displacement responses of the structure controlled with a TMD with 20% of the structure mass, under
the generic signal acceleration, considering Case 0 of hysteretic behavior.
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Fig. 8 - Hysteretic cycles of the infill wall structure under the generic signal acceleration, considering a plain
hysteretic behavior (Case 0): (a) Mass Ratio of 5%; (b) Mass Ratio of 10%; (c) Mass Ratio of 15%; (d) Mass
Ratio of 20%.

Fig. 9 - Displacement responses of the TMD for different values of the mass ratio, under the generic signal
acceleration, considering Case 0 of hysteretic behavior.
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Fig. 10 - Displacement responses of the structure with a TMD with 5% of the structure mass under the seismic
acceleration, considering Case 0 of hysteretic behavior.

Fig. 11 - Displacement responses of the structure with a TMD with 10% of the structure mass under the seismic
acceleration, considering Case 0 of hysteretic behavior.

Fig. 12 - Displacement responses of the structure with a TMD with 15% of the structure mass under the seismic
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acceleration, considering Case 0 of hysteretic behavior.

Fig. 13 - Displacement responses of the structure with a TMD with 20% of the structure mass under the seismic
acceleration, considering Case 0 of hysteretic behavior.

Fig. 14 - Hysteretic cycles of the infill wall structure under the seismic acceleration, considering a
plain hysteretic behavior (Case 0): (a) Mass ratio of 5%; (b) Mass ratio of 10%; (c) Mass ratio of
15%; (d) Mass ratio of 20%.
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Fig. 15 - Displacement responses of the TMD for different values of the mass ratio, under the seismic
acceleration, considering Case 0 of hysteretic behavior.

STIFFNESS DEGRADATION (CASE I)
The stiffness degradation arises from geometric effects. Elastic stiffness reduces with
increased ductility. The stiffness degradation is implemented in the Macro-Simulink model
through the so-called pivot rule (Park et al., 1987). Most reinforced concrete undergoes
stiffness degradation that should be accounted in a nonlinear dynamic analysis. To address
this case, §©ëA should be modified as follows

P

khyst = (R k − a) k0 1 − f
Pfy


N


 η sgn ( (1 − a ) Pf x&) + 1 − η 




(4)

where
Pf = kf x = (ak0 + khyst) x
Rk =

Pf + αPfy

(5)
(6)

The parameter α can regulate the stiffness degradation. The higher the α, the lower the
stiffness degradation. It should be pointed out that ܴ in Equation 4 is a positive parameter
and the unit is its maximum possible value. Nevertheless, ܴ is also a decreasing function of
time, since the stiffness of the structure would not increase after deterioration, regardless of
the current displacement.
k0 x + αPfy

The stiffness degradation can be simulated using the Equations 4, 5 and 6, with the respective
values presented in Table 1. Applying these considerations in the numerical model in study,
the structural responses can be obtained for the two signal accelerations considered in the
present study.
The structural responses obtained for the generic signal and seismic acceleration, for the
different values of the mass ratio considered are presented in Figures 16 to 19 and Figures 22
to 25, respectively. The responses in terms of displacements concerning only the TMD are
shown in Figures 21 and 26, respectively for the generic signal and seismic acceleration. The
graphs showing the hysteretic behavior for different values of the mass ratio are presented in
Figures 20 and 27, respectively for the generic signal and seismic acceleration.
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Fig. 16 - Displacement responses of the structure controlled with a TMD with 5% of the structure mass, under
the generic signal acceleration, considering Case I of hysteretic behavior.

Fig. 17 - Displacement responses of the structure controlled with a TMD with 10% of the structure mass, under
the generic signal acceleration, considering Case I of hysteretic behavior.

Fig. 18 - Displacement responses of the structure controlled with a TMD with 15% of the structure mass, under
the generic signal acceleration, considering Case I of hysteretic behavior.
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Fig. 19 - Displacement responses of the structure controlled with a TMD with 20% of the structure mass, under
the generic signal acceleration, considering Case I of hysteretic behavior.

Fig. 20 - Hysteretic cycles of the infill wall structure under the generic signal acceleration, considering the
stiffness degradation (Case I): (a) Mass Ratio of 5%; (b) Mass Ratio of 10%; (c) Mass Ratio of 15%; (d) Mass
Ratio of 20%.
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Fig. 21 - Displacement responses of the TMD for different values of the mass ratio, under the generic signal
acceleration, considering Case I of hysteretic behavior.

Fig. 22 - Displacement responses of the structure with a TMD with 5% of the structure mass under the seismic
acceleration, considering Case I of hysteretic behavior.

Fig. 23 - Displacement responses of the structure with a TMD with 10% of the structure mass under the seismic
acceleration, considering Case I of hysteretic behavior.
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Fig. 24 - Displacement responses of the structure with a TMD with 15% of the structure mass under the seismic
acceleration, considering Case I of hysteretic behavior.

Fig. 25 - Displacement responses of the structure with a TMD with 20% of the structure mass under the seismic
acceleration, considering Case I of hysteretic behavior.

Fig. 26 - Displacement responses of the TMD for different values of the mass ratio, under the seismic
acceleration, considering Case I of hysteretic behavior.
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Fig. 27 - Hysteretic cycles of the infill wall structure under the seismic acceleration, considering the
stiffness degradation (Case I): (a) Mass Ratio of 5%; (b) Mass Ratio of 10%; (c) Mass Ratio of 15%;
(d) Mass Ratio of 20%.

STIFFNESS AND STRENGTH DEGRADATION (CASE II)
To counteract the P-∆ effects, as well as the strength deterioration during repeated load
inversions, a degradation of resistance based on energy/ductility is implemented in the MacroSimulink model. This is achieved by the following modification on the yield strength.
1


β1 



x
β2H

 1−
max
Pfy = Pfy0 1 − 





x
(1 − β2 )H ult 
  ult   

(7)

The degraded and initial yielding strength of the frame are indicated by © and ©¦ ,
respectively. The parameters ß୫ୟ୶ and ß୳୪୲ are the maximum displacement in the current load
inversion and the ultimate displacement capacity of the frame, respectively. The dissipated
energy accumulated at the current displacement is represented by  ܪand ୳ܪ୪୲ is the ultimate
dissipated energy under monotonic (non-cyclic) load. Furthermore,  and  are degradation
parameters based on ductility and energy dissipation demands, respectively.
Strength degradation should be considered for ordinary or intermediate moment resisting
frames under great ductility demands. Most reinforced concrete frames and shear walls would
also experience strength deterioration.
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The stiffness and strength degradation can be simulated by using the respective values of
Table 1 in the Equation 7. By doing this, the structural responses of the system illustrated in
Figure1, subjected to the two accelerations, can be computed.
The responses in terms of displacements of the system under the generic signal acceleration
are presented in Figures 28 to 31 for the different values considered of the mass ratio. In like
manner, for the responses to the seismic acceleration are shown in Figures 34 to 37, for the
same values of the mass ratio considered.
The displacements of only the TMD, when the structure where it is applied is requested by the
generic signal acceleration can be seen in Figure 32 for the different contemplated values of
the mass ratio. The responses of only the TMD for the different values of mass ratio, when the
system is subjected by the seismic acceleration can be observed in Figure 38.
The hysteretic loops in which the stiffness and strength degradation are considered are shown
in Figures 33 and 39, respectively for the generic signal and seismic acceleration, and for the
different contemplated values of mass ratio.

Fig. 28 - Displacement responses of the structure controlled with a TMD with 5% of the structure mass, under
the generic signal acceleration, considering Case II of hysteretic behavior.

Fig. 29 - Displacement responses of the structure controlled with a TMD with 10% of the structure mass, under
the generic signal acceleration, considering Case II of hysteretic behavior.
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Fig. 30- Displacement responses of the structure controlled with a TMD with 15% of the structure mass, under
the generic signal acceleration, considering Case II of hysteretic behavior.

Fig. 31 - Displacement responses of the structure controlled with a TMD with 20% of the structure mass, under
the generic signal acceleration, considering Case II of hysteretic behavior.

Fig. 32 - Displacement responses of the TMD for different values of the mass ratio, under the generic signal
acceleration, considering Case II of hysteretic behavior.
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Fig. 33 - Hysteretic cycles of the infill wall structure under the generic signal acceleration, considering
the stiffness and strength degradation (Case II): (a) Mass Ratio of 5%; (b) Mass Ratio of 10%; (c) Mass
Ratio of 15%; (d) Mass Ratio of 20%.

Fig. 34 - Displacement responses of the structure with a TMD with 5% of the structure mass under the seismic
acceleration, considering Case II of hysteretic behavior.
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Fig. 35 - Displacement responses of the structure with a TMD with 10% of the structure mass under the seismic
acceleration, considering Case II of hysteretic behavior.

Fig. 36 - Displacement responses of the structure with a TMD with 15% of the structure mass under the seismic
acceleration, considering Case II of hysteretic behavior.

Fig. 37 - Displacement responses of the structure with a TMD with 20% of the structure mass under the seismic
acceleration, considering Case II of hysteretic behavior.
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Fig. 38 - Displacement responses of the TMD for different values of the mass ratio, under the seismic
acceleration, considering Case II of hysteretic behavior.

Fig. 39 - Hysteretic cycles of the infill wall structure under the seismic acceleration, considering the stiffness and
strength degradation (Case II): (a) Mass Ratio of 5%; (b) Mass Ratio of 10%; (c) Mass Ratio of 15%; (d) Mass
Ratio of 20%.
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RESULTS AND COMMENTS
The results of the peak responses that contemplate the displacements, velocities, accelerations
and drift displacements of the system represented in Figure 1, for the three different cases of
hysteretic behavior and different values of the mass ratio between the TMD and the structure,
are presented in the Tables 2 and 3, for the generic signal and seismic acceleration,
respectively.
Observing the Table 2, it can be always verified, when comparing it with other mass ratios,
that the mass ratio of 20% offers the best results in reducing any type of the peak responses,
following by the mass ratio of 15% which in some cases the variation is very small when
comparing it with the case without infill wall. It can also be concluded that as it moves on to a
case of hysteretic behavior more realistic the percentages of reduction become smaller.
Table 2 - Peak responses of the structure under the generic signal acceleration.

Case of Hysteretic behavior

Mass ratio
0.05
0.10

Without infill wall
0.15
0.20
0.05
0.10
Case 0
0.15
0.20
0.05
0.10
With infill wall

Case I
0.15
0.20
0.05
0.10
Case II
0.15
0.20

Peak responses
x
x
(m)
(m/s)
0.301
1.882
1.127
6.719
0.254
1.584
0.681
3.968
0.233
1.443
0.512
2.947
0.221
1.363
0.431
2.398
0.106 (-183%) 0.643 (-193%)
0.567 (-99%) 3.501 (-92%)
0.101 (-150%) 0.613 (-158%)
0.383 (-78%) 2.383 (-67%)
0.100 (-133%) 0.604 (-139%)
0.311 (-65%) 1.918 (-54%)
0.100 (-120%) 0.604 (-126%)
0.272 (-59%) 1.659 (-45%)
0.132 (-128%) 0.819 (-130%)
0.661 (-70%) 4.066 (-65%)
0.123 (-106%) 0.762 (-108%)
0.444 (-54%) 2.730 (-45%)
0.120 (-94%) 0.743 (-94%)
0.353 (-45%) 2.171 (-36%)
0.119 (-86%) 0.735 (-85%)
0.306 (-41%) 1.862 (-29%)
0.278 (-8%) 1.699 (-11%)
1.027 (-10%) 5.977 (-12%)
0.227 (-12%) 1.395 (-14%)
0.648 (-5%) 3.697 (-7%)
0.203 (-14%) 1.252 (-15%)
0.493 (-4%) 2.725 (-8%)
0.192 (-15%) 1.178 (-16%)
0.415 (-4%) 2.209 (-9%)

x
(m/s2)
11.795
41.796
9.891
24.758
9.007
18.267
8.457
14.821
4.680 (-152%)
21.910 (-91%)
4.453 (-122%)
14.943 (-66%)
4.406 (-104%)
11.997 (-52%)
4.393
(-93%)
10.326 (-44%)
5.520 (-114%)
25.237 (-66%)
5.158
(-92%)
17.109 (-45%)
5.031
(-79%)
13.576 (-35%)
4.987
(-70%)
11.616 (-28%)
10.653 (-11%)
35.704 (-17%)
8.739
(-13%)
22.541 (-10%)
7.908
(-14%)
16.796
(-9%)
7.460
(-13%)
13.630
(-9%)

drift
(m)
0.301
1.064
0.254
0.637
0.233
0.484
0.221
0.408
0.106 (-183%)
0.528 (-102%)
0.101 (-150%)
0.355 (-80%)
0.100 (-133%)
0.285 (-70%)
0.100 (-120%)
0.247 (-65%)
0.132 (-128%)
0.623 (-71%)
0.123 (-106%)
0.414 (-54%)
0.120 (-94%)
0.331 (-46%)
0.119 (-86%)
0.286 (-43%)
0.278 (-8%)
0.948 (-12%)
0.227 (-12%)
0.594 (-7%)
0.203 (-14%)
0.451 (-8%)
0.192 (-15%)
0.378 (-8%)

c. The first and second lines represent the peak responses for the first and second floors, respectively, the main structure
and the TMD.
d. The percentage on the left of the values stands for the percentage of increase or decrease of the peak responses with
respect to the corresponding uncontrolled response.
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The case where the stiffness and strength degradation are considered shows the smaller
reductions in any type of peak responses and in every value of the mass ratio, when it is
compared to the case without infill wall.
It can also be seen that in the Case II in which the stiffness and strength degradation are
considered, consisting in a more realistic scenario, the values of any of the peak responses for
the mass ratio of 15% and 20% have only a slight variation, when comparing it with the other
cases.
The same conclusions can be withdrawn when analyzing Table 3, considering now the peak
responses of the system in study when subjected to the seismic acceleration, though the
variation of the percentages of reduction between cases of hysteretic behavior and the values
of mass ration are smaller due to the irregularity of the seismic acceleration.
Table 3 - Peak responses of the structure under the seismic acceleration of El Centro’s earthquake.

Case of Hysteretic behavior

Mass ratio
0.05
0.10

Without infill wall
0.15
0.20
0.05
0.10
Case 0
0.15
0.20
0.05
0.10
With infill wall

Case I
0.15
0.20
0.05
0.10
Case II
0.15
0.20

a.
b.

Peak responses
x
x
(m)
(m/s)
0.093
0.607
0.259
1.646
0.086
0.592
0.189
1.123
0.081
0.577
0.160
0.922
0.077
0.562
0.141
0.779
0.062 (-50%) 0.618
(2%)
0.146 (-78%) 0.895 (-84%)
0.059 (-45%) 0.613
(3%)
0.118 (-60%) 0.740 (-52%)
0.058 (-41%) 0.610
(5%)
0.101 (-58%) 0.643 (-43%)
0.056 (-38%) 0.608
(8%)
0.090 (-56%) 0.574 (-36%)
0.063 (-47%) 0.628
(3%)
0.155 (-67%) 0.930 (-77%)
0.061 (-41%) 0.623
(5%)
0.125 (-50%) 0.771 (-46%)
0.059 (-37%) 0.620
(7%)
0.108 (-48%) 0.669 (-38%)
0.058 (-34%) 0.618
(9%)
0.096 (-46%) 0.597 (-30%)
0.063 (-47%) 0.627
(3%)
0.156 (-66%) 0.931 (-77%)
0.061 (-41%) 0.622
(5%)
0.126 (-49%) 0.771 (-46%)
0.059 (-37%) 0.619
(7%)
0.109 (-47%) 0.669 (-38%)
0.058 (-34%) 0.617
(9%)
0.097 (-45%) 0.596 (-31%)

x
(m/s2)
5.181
9.740
5.007
6.977
4.854
5.899
4.798
5.108
6.264 (17%)
6.294 (-55%)
6.130 (18%)
5.617 (-24%)
6.007 (19%)
5.206 (-13%)
5.899 (19%)
4.888 (-5%)
6.247 (17%)
6.695 (-45%)
6.105 (18%)
5.636 (-24%)
5.975 (19%)
5.218 (-13%)
5.868 (18%)
4.894 (-4%)
6.221 (17%)
6.705 (-45%)
6.081 (18%)
5.613 (-24%)
5.952 (18%)
5.196 (-14%)
5.837 (18%)
4.872 (-5%)

drift
(m)
0.093
0.259
0.086
0.184
0.081
0.147
0.077
0.132
0.062 (-50%)
0.154 (-68%)
0.059 (-45%)
0.124 (-48%)
0.058 (-41%)
0.106 (-39%)
0.056 (-38%)
0.094 (-40%)
0.063 (-47%)
0.164 (-58%)
0.061 (-41%)
0.132 (-39%)
0.059 (-37%)
0.113 (-30%)
0.058 (-34%)
0.101 (-31%)
0.063 (-47%)
0.163 (-58%)
0.061 (-41%)
0.132 (-40%)
0.059 (-37%)
0.113 (-31%)
0.058 (-34%)
0.100 (-32%)

The first and second lines represent the peak responses for the first and second floors, respectively, the main
structure and the TMD.
The percentage on the left of the values stands for the percentage of increase or decrease of the peak responses with
respect to the corresponding uncontrolled response.
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Another different conclusion that can be seen in Table 3 is that the presence of the wall in the
control performance of the TMD results in an increase of the peak responses in terms of
velocities and accelerations of the structure, due to the constant irregularity verified along the
seismic acceleration signal.
In each case of hysteretic behavior of the frame, as it moves on to a higher mass of the TMD
the peak responses of the structure in terms of velocities and accelerations decreases, but
when comparing it with the corresponding mass ratio of the case without infill wall it suffers
an increase, although when considering the stiffness and strength degradation of the frame
this increase is not very perceptive.
Observing now sequentially the graphs of Figures 4 to 7 considering the plain hysteretic
behavior of the frame, its easily noticed the reduction of the response in terms of displacement
with the increase of the TMD mass. The same happens when the system in study is subjected
to the seismic acceleration. However it is not very perceptive.
When observing in sequence the graphs of the other hysteretic cases, for the two different
acceleration signals, similar conclusions can be withdrawn. Nonetheless, in the hysteretic case
where the stiffness and strength degradation are considered, the greater reduction is verified
when comparing with the other hysteretic cases, yet the variation between the mass ratios of
15% and 20% is very small. Once more, in the scenario where the system in study is
subjected to the seismic acceleration, there are significant reductions, although not very
perceptive as the generic signal acceleration.
Analyzing the hysteretic loops now of the system subjected to the generic signal acceleration,
considering the plain hysteretic behavior of the frame (Figure 8), where there is no strength
degradation and stiffness degradation, in which the last one is defined by the same slope of
the charge and discharge curves with the evolution of the hysteretic cycles, it can be seen in
comparison with the uncontrolled case that as it moves on to a greater mass of the TMD the
slimmer the hysteretic loops become, meaning that the displacements get smaller for the same
strength capacity of the frame.
When considering the stiffness degradation (Figure 20), where the slope of the charge and
discharge curves vary with the evolution of the hysteretic cycles, the same results are attained,
i.e., with the increase of the mass ratio the slimmer the cycles become, noting a significant
reduction of the displacement in relation with the uncontrolled case.
Observing now a more realistic hysteretic case, where the stiffness and strength degradation
are considered together (Figure 33), it is evident the loss of strength capacity of the wall
leading to greater displacements and eventually to a failure of the wall out of its plane,
perceived by the permanent displacement in Figures 28 to 31 (green line), verified in the
uncontrolled scenario. It was necessary to interrupt the simulation of the hysteretic loops for
this case at 15,8s since the wall failure resulted in a numerical instability.
It can be concluded that after the application of the vibration control system, the TMD, the
reductions of the displacements for the same strength capacity of the frame are very
significant. The mass ratio of 20% represents the best solution, though in most cases when
comparing it with the solution of 15% the difference between them is not significant, when
analyzing the hysteretic loops.
The same results can be seen when the system is subjected to the seismic acceleration,
although the reductions are not so obvious as in the case with the generic signal acceleration,
due to the irregularity of the acceleration.
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ABSTRACT
Nowadays there is a great need to increase productivity along with high quality levels, which
constitutes a major challenge to the industry and engineering development. In spite of the
existence of advanced equipment capable of mass producing with great precision and
performance such as CNC machines, some vibration induced issues may appear during the
machining process that need to be addressed. The present research is based on a study of the
dynamic behaviour of a milling CNC machine to identify and optimize vibration-sensitive
parameters values (cutting speed, feed, axial penetration and radial penetration) in order to
reduce the effect of chatter in milling process. Initially, the theoretical basis of milling
operation is presented. Then, the response surface method (RS) and Genetic Algorithms (GA)
are used to optimize the milling parameters. Based on the results obtained, it was possible to
identify optimal parameters to minimize machining vibration.
Keywords: milling, machining, chatter, optimization methods.
INTRODUCTION
Machining processes are of crucial importance in the metallic manufacturing industry.
Machining equipment can produce a large number of mechanical pieces using chip removal
operations which must have the required dimensional, geometric and surficial quality.
However, interaction between the workpiece and the tool may lead to the occurrence of
machining vibrations, which are related with problems of reduced workpiece quality, poor
surface finish, reduced tool life span and eventually low productivity (Altintas, 2000,
Muhammad et al. 2017). In last decades, many researches have been studied this problem and
tried minimize their effect in the final quality of product (Ribeiro, 2017). The goal of the
present work is to develop a methodology that optimizes several machining parameters to
minimize chatter vibrations. To this purpose advanced optimization techniques were used
based on experimental measurements obtained during a machining process of a workpiece in
a CNC milling machine.
RESULTS AND CONCLUSIONS
In order to measure the vibrations during the machining process a triaxial accelerometer fixed
on the quill part of milling machine was used. The experiments were implemented using
sixteen combinations of three parameter levels. In this case, four parameters were used in the
experimental research: cutting spend, feed speed, axial and radial depths. The results obtained
with the experimental measurements (RMS values) are shown in Table 1.
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Table 1 - RMS values obtained with the experimental measurements

Test

The main objective was to determine the ideal parameters in order to reduce chatter vibrations
in the milling process. An optimization procedure was carried out based on the Response
Surface Method (RS) and a Genetic Algorithm (GA). It this study, test number 2 ( = 4.1044;
 = 4.1535;  = ݖ9.0586) and number 6 ( = 4.7740;  = 5.0433;  = ݖ10.9222) were identified
by the RS method as being relevant in the system. Measure number 2, along with function 1
and function 2, were those that resulted in lower values, as well as function 2 for measure 4
and for measure 1. It is also verified that all parameters vary and are important to avoid
machining vibrations, the ideal parameters reduce to = = 2546; 0 = 4584; 0 = 0.10; Ô =
2, = = 2546; 0 = 1018.4; 0 = 0.10, Ô = 2, = = 2684.9, 0 = 1041.3, 0 = 0.21, Ô = 2.1
and = = 2981.8, 0 = 4492.3, 0 = 0.2, Ô = 2.1.
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ABSTRACT
This paper presents the experimental analysis and results of a thermographic inspection
performed on aluminum window frames of an instructional facility. The investigation was
carried out using thermal images to map the energy loss and gains through aluminum window
and door frames on several rooms of the building that houses the School of Technology of the
Polytechnic Institute of Bragança in Portugal. The results obtained are discussed in detail and
a retrofit strategy is proposed based on the thermal analysis.
Keywords: thermal bridges, thermography, thermal insulation.
INTRODUCTION
Construction of modern buildings presents a great challenge towards the improvement in
building energy efficiency and the implementation sustainable building policies and
legislation to achieve the so-called near zero-energy buildings (NZEB). Although near zeroenergy design of new buildings is a positive step, the main problem is related with energy
demand reduction in a high number of energy-inefficient existing buildings making more
critical to incentive the refurbishment of existing buildings rather than to demolish and
replace them with new constructions.
It is well-known that thermal heat losses and gains through the building envelope are mainly
due to energy transfer through the glazing and window frames. Energy can also be lost by
infiltration around the window frame, conduction through a frame as well as by radiation
through the glazing surface (also a small amount of energy is also lost through convection
within the glazing cavity). Although metal frame design have been enhanced considerably
over the last decades, early metal frames with simple sections and without thermal breaks are
present in most existing buildings becoming the main weak spot in improving the energy
performance of such buildings. Evaluating thermal heat losses and gains in these construction
components can be helpful to determine the best retrofit strategy to increase energy efficiency
while ensure optimal thermal comfort based on cost-benefit analysis.
Non-destructive testing methods and non-contact measurement devices such as infrared
thermography (IRT) cameras provide powerful tools for quickly and accurate data
visualization and analysis of temperature distribution of entire surfaces. Thermal imaging
have evolved significantly to the point that affordable and compact medium resolution
thermal imaging cameras are now available for building applications. Usually, energy
auditors and maintenance technicians use thermography to locate overheating points to
identify faulty devices, machinery components or electrical equipment damage, but also to
locate leakages, moisture detection and to inspect buildings.
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In this regard, the aim of this study is to identify thermal losses and how they are distributed
in glazing and aluminum frames of an existing building using an infrared scanning inspection.
An affordable FLIR camera is used to record daily temperature distribution measurements of
glazing and frames over a period of several months in selected rooms of the building that
houses the School of Technology of the Polytechnic Institute of Bragança in Portugal. In this
case, original windows/doors feature single-glazed units with simple aluminum frame.
RESULTS AND CONCLUSIONS
The thermal information is used to evaluate the heat losses and gains through window and
door glazing and frames. Climatic data from a local weather station is used to validate the
outdoor temperature and the thermal measurements. The results based on the analysis of the
thermal images captured on the surface of the window/door are used to characterize the
performance of the glazing and surrounding frame. Temperature variation throughout the day
was recorded and analyzed (Figure 1).

22/01/2017 - 11:00

22/01/2017 - 15:00

22/01/2017 - 17:30

22/01/2017 - 21:00

Fig. 1 - Thermal images for heat losses and gains glazing analysis.

A thermal bridge analysis was carried out to identify critical heat loss points allowing costeffective retrofit measures to be defined in order to improve the performance of the glazing
and window frames and increment the energy efficiency of the building envelope.
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ABSTRACT
Following the seismic sequence that struck the city of L'Aquila in April 2009, the Fire Station
of the city, after the inspection of the technicians, was declared unfit for use. From subsequent
investigations of the structure, it proved to be seismically inadequate and it was decided for its
demolition and reconstruction with a significant planimetric redeployment. In the initial phase
of the work, it was carried out a study of the layout plans and of the loads imposed on the
floors. As a result of this investigation, it was decided to propose, as a structural solution for
the fire headquarter complex, a framed steel structure. The structure has been analyzed using
a finite element software with both linear and non-linear analysis. The possible structural
solution is achieved in accordance with the Eurocodes and, only with respect to the base
isolated building, according to the Italian standard called “Nuove Norme Tecniche delle
Costruzioni”. To meet the structural verifications required by design standards for the main
building of the complex, it was necessary to adopt a base isolation system. Among the various
solutions analyzed, the best was found to be that composed of elastomeric isolators and
multidirectional support. It was considered appropriate to use a fixed base for the other two
structures of the complex.
Keywords: critical building, metal structure, FEM analysis, base isolation, earthquake
resistant buildings.
INTRODUCTION
Inside the seismic sequence that struck the city of L'Aquila in 2009, the main shock occurred
on April 6 at 01:32:39 GMT, had a magnitude of Mw = 6.3 (Harvard CMT) and is found to be
generated by a fault with NW-SE trend. The quake was recorded by 55 stations of the
National Strong Motion Network, RAN. The East-West components of the time series
acceleration 4 stations at a maximum distance of 6 km from the epicenter show peaks greater
than 0.5 g (Ameri, 2009). The data recorded by the RAN network were available and it was
evaluated the effect acceleration time histories on the maximum of different elastic oscillators
answer period, thus obtaining the spectra response and highlighting so indirectly by the
content in this frequency in the data registered (Ameri, 2009) and (Chioccarelli, 2009). The
entire area was already the subject of seismic phenomena of similar or greater extent, still
well above the damage threshold. Particular similarity is found, to the affected areas and the
severity of the damage, with the event on February 2, 1703, as attested by historical sources
(Antinori, 1703)
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Structures were analyzed, using a finite element software, both with linear and non-linear
analysis. Linear analyzes are: modal analysis and response spectrum analysis; the non-linear
analysis performed are: Pushover analysis and nonlinear dynamic analyzes.
Finally, making necessary the introduction of an isolation system, were compared the results
relating to the use of three different solutions: elastomeric isolators and multidirectional
bearings, sliding bearings on the curved surface and a hybrid system made by laminating
elastomeric isolators and sliding supports of curved surface.
DESCRIPTION OF THE FIRE STATION COMPLEX
The provincial command of the Fire Brigade of L'Aquila is located in the eastern part of the
city and, specifically, in Via della Pescara. The complex consists of two components, the first,
which dates back to the early 60s and the second has been built since 2001. The entire
complex is made with the technology of reinforced concrete.
The complex object of studies, the most recently realization, is constituted by two buildings
and a tower for practice, separated by seismic joints to prevent the collision and allowing to
consider them as dynamically independent units, as shown in Figure 1.

Fig. 1 - Aerial view and plan diagram of the complex object of the intervention (A-Building;
B-Square; C-Tower) from (Provveditorato interregionale,2012)

What follows is a brief description of the factory buildings.
The construction identified as "Building" consists of 4 floors, with varying heights and a
cover on two distinct levels. The first level is partially buried. The plan of the building has an
L-shape in which, the main left wing dimensions are approximately 14.5 m to 48 m for a total
area of about 2700 m2 and is equipped with a stairwell with a lift for vertical connection while
those of the right side are approximately 14.5 m to 45 m for a total surface of approximately
2600 m2 and is equipped with two compartments scale for the vertical connection, only one
with elevator. The construction, in the basement, will be used as space for physical activities
train and local intended for archives and stores, will host the thermal plant and a ramp for
vehicle access to the part below the road level. The ground floor will house, in addition to the
main entrance in the left wing, a throw of the media on both sides. The third level will house
the offices open to the public in the left wing and laboratories in the right wing. The top floor
will be used as offices for the left side, while the right side, in addition to accommodation of
the commandant service, will be destined to the teaching premises. The building in addition to
presenting an irregular distribution of masses in height, for different functions to which they
are destined the floors, on the left side has a semi-circular planimetric dislocation
configuration in seismic area presents critical issues. Plan, also the distribution of the masses
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is uneven, especially at the level of the ground floor, having the same plane different
functions.
The body of the building identified as "Square" consists of a single level and is completely
below the road level. The main dimensions are approximately 34 m to 36 m for a total area of
approximately 1200 m2 and it is not equipped with stairwells for vertical connection. The
structure above the foundation plane will have the deposit feature and garage while the roof
will be destined to the square for the movement of vehicles and training activities. The
building has a regular distribution of the loads being destined to a single function but is not
regular in plan in that, the difference between the area enclosed by the perimeter of the plan
and that of a convex polygonal line that encloses the same plane is greater than the 5%.
The body of the building identified as "Tower" consists of five floors of equal height. The
first level is underground. The main dimensions of the building are approximately 6 m to 7 m,
for a total of about 210 m2 and is equipped with an internal staircase. The building is fully
used for training activities. The construction is regular both in height and in plan.
FINITE ELEMENT MODEL
The finite element analysis was carried out using the structural analysis program SAP2000
V.14.0.0 software. In modeling the component structures (A-B-C) by the models represented
in Figure 2, it was possible to consider them as dynamically independent units.

Fig. 2 - Physical and analytical model of Building (A), Square (B) and Tower (C), respectively

Each model has been developed with the blueprints available. The axes of the elements have
been made coincide with the centers of gravity of the pillars to the massively of foundations,
going to accomplish each of the model of the plant floor. This was left unchanged for each
floor not being present the eccentricity caused by the change of section of the pillars in the
passage from one level to another. From section, identified the interfloor heights as the height
between the center of gravity of two consecutive slabs, is realized the three-dimensional
model. Finally to match, as much as possible, the main directions of the building with the
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global coordinates X - Y of the software, they are rotated independent of the models angles
from each other. Only for the building called "Square" is have made three different rotations
to go to analyze the three main directions along which they are arranged the resistant elements
and the corresponding orthogonal directions. For all three configurations it has been
maintained the arrangement of the pillars described in (Scagnetti, 2015) that goes to optimize
the dynamic behavior of the body of the building.
The modeling is based on using one-dimensional finite element already present in the library
of software. Both for the beams to the pillars and the walls, is are used elements "frame",
finite element two-beam type of nodes where the deformability is also considered to cutting,
having a section equal to that of the actual elements. In general, it tried to reduce the
computational burden by not using "shells" elements while maintaining a good accuracy of
the solution.
The floors, as it may be considered infinitely rigid in their plan, were modeled as crushproof
plates in the horizontal plane. This assumption was made binding each plan node with a
"diaphragm" type constraint. For the roof, being on two levels, these are made of four distinct
constraints, one for each part, so that we then anchor the "master node" defined below. As for
the cross-behavior, being slightly disruptive to the assessment of the effects of seismic
actions, this has not been modeled.
The staircase, although with a not high contribution, helps to stiffen the structure and is
chosen to take this into account. The modeling was carried out with two elements "frame",
which connect the slabs to the landings, reflecting its geometry.
The slab loads, structural and permanent carried, were applied to the model by "shells"
elements with zero thickness as distributed loads unidirectional, using the option "uniform to
frame, one way", where the direction of application one coincides with the direction of the
"shell", because it is seen that, for this type of use does not increase the computational burden.
Even the accidental loads were applied with the same procedure. The wind and staircase load,
with its more accidental structural and carried permanent, are applied as linear loads directly
on the elements, distributing them through the method areas of influence of the respective
beams.
In the modeling of the walls with "frames" elements, to respect the maintenance hypothesis
the cross section plane, you have used the "end offset" option present in SAP2000 going to be
an infinitely rigid section. This option has proved performant because, in addition to a lower
computational burden which results in a shorter time of calculation, was closer to the behavior
you want to model remaining straight. Additionally, the software having the ability to
automatically vary the length of this portion based on the overlap between the elements
corresponding to the wall and the beam, is shall not define, for each variation of the length of
the wall, of the new nodes, to specify the length of the suddenly you want to keep is rigid,
thus proving a very versatile procedure.
The mass of the elements "frame", once assigned the characteristics of the material and
geometric properties of the elements, is calculated automatically by the software which, in
addition, through the "from load" option, derive the mass of the floor directly by the loads that
will they are applied.
In the analysis to consider it the accidental eccentricity as required by code has focused the
entire seismic mass of each floor, constituted by permanent and accidental loads weighing on
the floor and including that related to the upper and lower halves of the pillars, in a node
master, a node located in the geometrical center of gravity of the plane and eliminating the
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mass of the elements. Subsequently, through the construction of four additional models if they
have changed the position of the amount provided by the standard in order to be considered
accidental eccentricity of the loads.
In the linear analysis of the isolation devices, both as concern the elastomeric isolators that the
sliding bearings on the curved surface, were modeled as linear elements, resorting to the
characteristics of stiffness and equivalent damping while in the vertical direction, have been
impeded displacements, blocking the translation. The multidirectional supports were modeled
as elements with horizontal equivalent stiffness and equivalent damping null and prevented
vertical translation. In the analysis of non-linear, the hysteresis loop of elastomeric devices
has been approximated by a bilinear curve with appropriate parameters, as shown in Figure 3.

Fig. 3 - Approximation of the hysteresis loop of elastomeric isolators

DESCRIPTION OF THE STRUCTURAL SOLUTION
Square Structure
For this construction, the design process for reaching the final structural solution is started
whereas a steel frame and orienting the axis of greatest inertia of the pillars before along X
and along Y Failing to obtain a satisfactory dynamic behavior, for the ' eccentricity between
the center of the masses and the center of stiffness, it proceeded to direct only a part of the
pillars along X and the remaining long Y. In so doing, thanks to the containment of the
eccentricity shown in Figure 4.a, there was obtained a good dynamic behavior, as shown in
Figures 4(b) - 4(d).

(a) Eccentricity of the Square

(b) Mode 1, T1=0.191 s

(c) Mode 2, T2=0.154 s

(d) Mode 3, T3=0.134 s

Fig. 4 - Eccentricity of the Square structure and its mode shapes
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In fact, the first mode of vibration is of a purely translational along the Y direction, the second
way is also purely translational, but along X, while the third mode of vibration is of a purely
rotational type, going to excite with only 3 modes, 100% of the mass, as shown in Table 1.
Table 1 - Participants masses of the Square of the first configuration analyzed
Mode

Period

UX

UY

UZ

SUX

SUY

SUZ

1

0,191225

0,00113

0,99853

5,749E-09

0,00113

0,99853

5,749E-09

2

0,153977

0,96487

0,00133

2,901E-10

0,96599

0,99985

6,039E-09

3

0,133531

0,034

0,00014

2,09E-10

1

1

6,248E-09

For the Square, since the results of the other two analyzed configurations are similar to those
shown, the final solution is made up of a frame system, made with beams and pillars in steel
and a mixed steel-concrete slab. This proposal can satisfy the checks and used sections are
summarized in Table 4.
Tower Structure
The tower has the staircase and an opening in the floor places laterally that move the center of
mass in the opposite direction, which is in the remaining part of the slab.
The iterative process to arrive at the final solution is started from the study of a steel frame,
where, in order to contain the displacements, of braces have been inserted in the inner sides of
the staircase body. The internal positioning instead of in front view, although not optimal, was
dictated by the interference that was emerging with windows. The second phase saw halve the
length of the braces in order to increase the critical load for buckling. Failing to obtain a good
dynamic behavior of the structure and to satisfy the tests, the concrete walls are in place, the
outer sides of the building. In doing so the eccentricity between the center of mass and center
of rigidity was contained, obtaining a certain degree of symmetry and ensuring the
satisfaction of the checks is to limit states that exercise over that a good dynamic behavior as
shown in Figures 5(a) - 5(d). The first mode of vibration is, in fact, purely translational along
Y, the second way is translational along X, with a negligible rotational component due to the
low value of the participant and a third rotational mass way. For the asymmetry due to the
disposition planimetric, to achieve the participating mass value provided by the standard,
equal to 90%, 8 modes must be considered, however modest value compared to a same
building made entirely of steel, as shown in Table 2.
Table 2 - Participants masses of the Tower
Mode

Period

UX

UY

UZ

SUX

SUY

SUZ

1

0,365281

0,00007432

0,70605

0,0000199

0,00007432

0,70605

0,0000199

2

0,342196

0,68813

0,00009113

2,283E-09

0,6882

0,70614

0,0000199

3

0,22566

0,05699

0,00000849

1,092E-07

0,74519

0,70615

0,00002001

4

0,097788

0,14264

0,00018

4,816E-09

0,88783

0,70633

0,00002002

5

0,092878

0,00017

0,18079

0,00012

0,888

0,88712

0,00014

6

0,065583

0,00934

0,00003645

0,000007775

0,89733

0,88716

0,00014

7

0,048729

0,04959

1,413E-07

0,000002425

0,94693

0,88716

0,00015

8

0,042801

2,623E-07

0,06094

0,00514

0,94693

0,94809

0,00528
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(a) Eccentricity of the Tower

(c)

(b) Mode 1, T1 =0.365 s

(d) Mode 3, T3=0.226 s

Mode 2, T2=0.342 s

Fig. 5 - Eccentricity of the Tower structure and its mode shapes

For the tower, the final solution is constituted by a large walls weakly armed in the X
direction and a dual structure in Y direction system, made with reinforced concrete walls,
steel beams and pillars and a mixed steel-concrete slab. This proposal can satisfy the checks
and used sections are summarized in Table 5.
BUILDING
Reaching the final configuration for the building has passed through many phases. Initially
this building has been thought to fixed base and with the two sides of the "L" separated by a
seismic joint, so as to avoid the concentration of stresses in the inner part of the angle.
The first structure of the building, the right wing of the "L" which we call here "Building 2",
has a regular plan, but the two staircases are not aligned, going to generate an eccentricity
between the center of stiffness and the center of the masses which makes the torsion sensible
building. To limit this effect, as well as to contain the displacements, of the braces in the
staircase bodies they have been inserted. For the presence of openings for the passage of the
vehicle, the braces cannot be established along the sides, a solution that would maximize its
effectiveness. However, the resulting sections of the latter are too large going to interfere with
the side elements of the ladder. It is appeal then, in the reinforced concrete walls, arranged in
a suitable position as shown in Fig. 6(a), thus managing to reduce the aforesaid eccentricity,
as shown in Figure 6(b), but failing to satisfy the verification at the ultimate limit state with
no commercial profile.
The second part, the left wing, which we will call "Building 1," has a semicircular planimetric
dislocation, which even if of very large radius do not make it particularly effective to
withstand seismic actions. In addition, this building has only one stairway which is located
laterally, resulting in a significant eccentricities. In this case, besides the presence of the
openings at the level of the ground floor, there are also the balconies on the upper floors
which constitute a further restriction. The reduction in this value was first sought by inserting
the steel braces and then are inserted perimeter of the septa in reinforced concrete to the level
below the road surface, together with the walls, always in reinforced concrete, in a suitable
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position as shown in Figure 6(c). The resulting effect is shown in Figure 6(d), but even in this
case it is not found a commercial profile that meets the verifications at the limit state
considered.

(a) Disposition of the walls in Building 2

(b) Eccentricity of Building 2

(c) Disposition of the walls in Building 1

(d) Eccentricity of Building 1

Fig. 6 - Disposition of the Walls I Building and its eccentricities

As just said, it was decided to isolate both buildings, still keeping them separate, and placing
the insulation level below the ground floor slab. We have chosen this position, not to create
differences in height between the Square and the floor of the buildings and be able to allow
the exit of the vehicles while you is not isolated to the above, that is, at the base of the first
level of the pillars, as it goes left free space around each pillar to enable its swing unhindered.
This solution, in addition to not optimize the use of the internal space, would expose the
isolators to chemicals such as gasoline or other, compatible with the function of the garage,
which may deteriorate their properties.
For the development of this solution, the main limitations were the ones to avoid the collision
between the various parts of the building, having the buildings at a distance so that you can
use a commercial joint cover and meet the ultimate limit state checks, by reducing stress
guaranteed by the insulation system.
The first devices used were elastomeric the isolators HDRB. With these devices could not
satisfy all the above conditions simultaneously, so it turned to elastomeric devices with lead
core LRB (FIP S03, 2013) in which, relying on a greater dissipation of energy, we have tried
to meet various restrictions. Even in this case he could satisfy only one condition at a time, for
which, the fixed distance of the buildings according to the joint cover, or the insulation
system had a stiffness such that they avoided or the collision but were not met the checks
envisaged from the norm or vice versa. This has led to think the two buildings as a single
building block, maintaining the same position of the insulation system of separate buildings.
The decoupling of the dynamic behavior of the substructure and overstructure of Building
was analyzed by three different isolation strategies. In the first has been considered a system
composed of elastomeric isolators for high damping HDRB and sliding supports
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multidirectional, in the second state is evaluated a system solely composed of curved surface
in sliding isolators with a low friction coefficient, also said "Friction Pendulum" and in the
third a hybrid system consisting of elastomeric isolators and "Friction Pendulum".
In the first seismic protection strategy, the insulation system consists of 33 elastomeric
isolators FIP of SI 1000/140 N-type (FIP S02, 2012) and 17 FIP supports multi-VM
1300/100/50 type (FIP B01, 2013). To contain the eccentricity in plan between the center of
masses of the superstructure and the center of rigidity of the insulation system, the
elastomeric isolators are arranged in the plant as shown in Figure 7 while, in correspondence
of the remaining pillars, have positioned the multidirectional bearings. This configuration is
reached initially by placing insulators perimeter position, for centrifuging the more the
rigidity and then varying it possible to obtain the optimum arrangement. In this way it is
obtained a distance between the two centers of 0.10 m along the X axis and 0.09 m along the
Y axis from the values given are contained torsional effects, as required by the standard and
get Eigen modes translational, as shown in the modal analysis results in Figures 8(a)-8(c), and
reaching almost the totality of the participating mass with only 3 mode, as shown in Table 3.

Fig. 7 - Position of elastomeric isolators and multidirectional bearings

Table 3 - Participants masses of the Building
Mode

Period

UX

UY

RZ

SUX

SUY

SRZ

1

1,196254

0,90983

0,0732

0,15108

0,90983

0,0732

0,15108

2

1,18765

0,07855

0,83128

0,4433

0,98838

0,90448

0,59438

3

1,045283

0,00012

0,08663

0,39491

0,9885

0,99111

0,98929

(a) Mode 1, T1=1.19 s

(b) Mode 2, T2=1.18 s

(c) Mode 3, T3=1.04 s

Fig. 8 - Eccentricity of the Building structure and its mode shapes
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In use of the friction pendulum, for the own characteristics of the devices do not have the
above-mentioned eccentricity, so these were disposed in correspondence of all the pillars,
then going to employ devices 50 of the type FIP_D L 1650/500 (3100) (FIP S04, 2013),
where the letter "D" indicates that the devices are double curvature.
In both systems, the devices are subject to traction but, only for the system composed of
elastomeric isolators this can be absorbed by the anti-lifting devices connected to the columns
and the concrete slab. Between the two parts of the device it is allowed the relative sliding in
the horizontal direction while, in the vertical direction, absorb the traction and, therefore, acts
as a constraint, as shown in Figure 9(a). For the insulation system consists of the sliding
devices on curved surface these devices are not feasible given the presence of the vertical
displacements. An alternative solution consists of systems, integral with the ground, to put to
contrast and which are interposed between more devices, as shown in Figure 9(b). The
solution, from a theoretical point of view, it is advantageous in that it allows to insert
additional friction isolators that would allow an increase of the energy dissipation in the input,
but, in this case, it is not adoptable as the side where there is the Square, to realize the contrast
system would be to close the access of the vehicles below the Square, making it incompatible
with the intended function garage.

(a) Anti-lifting device

(b) Example of contrast structure for Friction
pendulum subject to traction

Fig. 9 - Eccentricity of the Building structure and its mode shapes

Finally, as isolation strategy, it is also evaluated the possibility of using a hybrid system
composed by elastomeric isolators and "friction pendulum", which would replace the
multidirectional supports. The coupling portion advantage is due to the fact that, thanks to the
"Friction Pendulum", it has a greater dissipation of energy which consequently gives rise both
to minor displacements, so that those absolute interfloor those, which at a lower level of
stresses, both at the level of the superstructure that of the substructure. Another advantage is
given by the fact that, the "Friction Pendulum", do not change the position of the center of
stiffness of the isolation system. The system, although in theory it is very advantageous, for
this specific case, it is not possible to use, as such, not being able to vary the position of
elastomeric isolators for maintaining the good dynamic behavior, you have the possibility to
only take five isolators sliding on the curved surface, resulting in the other subject to traction.
In addition these devices, as mentioned previously, are incompatible with the anti-lifting
devices designed to absorb the traction agent of elastomeric isolators.
For the building, the final solution is constituted by an isolated structure with a superstructure
consisting of a frame system, composed by steel beams and pillars and a substructure made up
of reinforced concrete pillars. The attic floor above the insulation is realized by means of a
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concrete slab while the remaining are provided mixed steel-concrete floors. This proposal can
satisfy all the checks required and used sections are summarized in Table 4.
CONCLUSIONS
The Aquila’s Fire Station complex presents an excellent dynamic behavior of the various
units.
All used devices are available in the FIP Industriale commercial catalog. The devices were
chosen for only one manufacturer as they are able to meet all the necessary requirements to
avoid having to create ad hoc devices and, in a possible realization, it should perform a
smaller number of acceptance tests, as required by standard, going, in both cases, to contain
costs.
In the choice of the stiffness of the isolators it has been sought a solution by balancing the
containment of the stresses in the superstructure obtained by increasing the oscillation period
and the maintenance of the displacements within limits which exclude the collision with the
square.
The Pushover analyzes were made only for fixed-base buildings to get confirmation that, for
the design seismic action, do not develop plastic hinges in no element as well as the nonlinear
dynamic analyzes. The latter, also carried out for the building based isolated with elastomeric
isolators and sliding bearings, allow a more refined modeling of elastomeric isolators going to
approximate the hysteresis loop of elastomeric devices with a bilinear curve of which are
suitably selected parameters.
The adopted sections are summarized in Table 4.
Table 4 - Summary of used sections
Building
Square

Tower

Main
Building

Floor
Only one
Only one
All
All
All
All
Basement
Ground floor
Ground floor
First floor
First floor
Second floor
Second floor

Element
Frame
Pillar
Frame
Pillar
Wall dir. X
Wall dir. Y
Pillar
Frame
Pillar
Frame
Pillar
Frame
Pillar

Material
Steel S275
Steel S275
Steel S275
Steel S275
Concrete C32/40
Concrete C32/40
Concrete C32/40
Steel S275
Steel S275
Steel S275
Steel S275
Steel S275
Steel S275

Section
IPE O 550
HL 920 x 784
IPE 600
HE 600 M
4,0 x 0,35 m
3,0 x 0,35 m
1,3 x 1,3 m
IPE 500
HD 400 x 347
IPE 450
HD 400 x 347
IPE 400
HD 400 x 347

Class
1
1
1
1
/
/
/
1
1
1
1
1
1

At the end of the design process, all the elements that make up the complex structures remain
in the elastic as required by code and all the checks carried out have been satisfied. Therefore,
as a structural solution, consistent with the classification recommended by the standard, the
following structural types may be deemed appropriate:
•
•

for the Tower, a mixed structure, consisting of reinforced concrete walls and steel
frames;
for the Square, a steel frame structure, it consists of beams and pillars in steel;
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•

for the building, an isolated structure, with an insulation system consisting of
elastomeric isolators and sliding bearings located at the top of the pillars in reinforced
concrete of the substructure and a superstructure consists of a steel frame;

The section of the pillars of reinforced concrete substructure is generous and highly
reinforced. This is due both to the need of the elements to remain in the elastic range, and to
the fact that, to limit the displacements of the superstructure and have no collision with the
Square, the stiffness of the devices is relatively high, being only sufficient to reduce the forces
in the superstructure but not to completely decouple the superstructure from the substructure.
For the other elements of the complex it was not considered necessary for the introduction of
an isolation system and the checks have been satisfied with commercial profiles. In addition
to the Piazzale they would have two additional disadvantages: an increase in costs linked to
the insulators, as it would be to isolate only a slab, being constituted by a single plane and
would have problems of availability of the joint covers, making necessary an enlargement of
the seismic coupling between the Building and the Square.
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ABSTRACT
This work constitutes a synthesis of the cumulative experience at Faculdade Engenharia
Universidade do Porto (FEUP) on the structural health monitoring (SHM) of four
bridges in Portugal, of different bridge typologies and materials: a stress-ribbon
footbridge, a metallic roadway bridge, a mixed construction railway bridge, and a
centennial metallic one-way bridge. After a simple technical introduction of this nonintrusive SHM technique, the work is mainly devoted to the description and
observations of the three bridge situations mentioned above, which constitute three case
studies. Thereafter, for each case study is described the evaluation of results with such
technical equipment, as well as the comparison with akin results obtained for the same
case studies either by structural computational modelling or by other intrusive SHM
techniques, in order to ascertain the accuracy of this non-intrusive radar interferometry
method.
Keywords: SHM, radar interferometry, bridge dynamics.
INTRODUCTION
Some experience in using radar interferometry (RI) for SHM of general structures was
initiated in 2013 at FEUP by a research team led by first co-author, in the context of the R&D
collaborative project VHSS-Poles (Metalogalva Group and FEUP) sponsored by EU Compete
program (Barros, 2015).
Although initially applied to the observation and SHM of towers and pole-like structures
(telecommunication towers, stacks, transmission towers and poles or posts) it immediately
proved its versatility in several circumstances ranging from laboratory monitoring of dynamic
tests to the more general case of SHM of bridges.
RADAR TECHNICAL CHARACTERISTICS
The radar sensor (Figure1) used in this work (IDS, IBIS-FS system) is an industrially
engineered micro-wave interferometer and consists of a sensor module, a control PC and a
power supply unit. For a more comprehensive description on the technical features of the
radar the reader is referred to (Silva, 2015) and (Gentile, 2010-2011).
The measurement of deflections follows two main steps (Silva, 2015): (a) to employ a radar to
take coherent and consecutive images of the investigated structure, with each image being a
distance map of the radar echoes intensity coming from the reflecting targets detected on the
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structure; (b) to compute the displacement of each target by comparing the phase information
of the back-scattered electromagnetic waves collected at different times.

Fig. 1 - View of the radar interferometer from (Silva, 2015).

CASE STUDIES
A total of three case studies will be presented in the present section: FEUP Stress-Ribbon
Footbridge (case A); Pinhão Bridge (case B), and Alcacer-do-Sal Railway Bridge (case C).
A- FEUP Stress-Ribbon Footbridge
Structural Description
The geometric description of FEUP stress-ribbon footbridge is shown in Figure 2, taken
directly from the project design data report (Caetano, 2010).

Fig. 2 - Front view of the stress-ribbon footbridge (dimensions in m) from (Silva, 2015) and (Caetano, 2010).

The bridge has a total length of 61 meters, corresponding 30 meters to the first span
(southbound) and 28 meters to the second span (northbound).
The zone of the central support has a total length of 3 meters, 1.5 meters for each side.
Throughout its length, the bridge deck is a sequence of pre-slabs of rectangular cross section
with area 3.80 x 0.15 m2, distributed evenly every 1 meter. For the connection between the
pre-slabs, were used concrete joints with cross section of 3.80 x 0.034 m2. Each cross section
contains 4 cables with 7ϕ15.2 mm wire (Silva, 2015) and (Caetano, 2010).
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The central support, shown in Figure 2 and Figure3, has 4 tubular steel columns (S 355) with
diameter ϕ193.7mm and thickness of 16 mm, supported by a bell-base fixed to a concrete
base block. The 4 columns still give support to 6 beam profiles HEB300, 2 disposed in the
transverse direction and the 4 remaining one's disposed longitudinally (Silva, 2015) and
(Caetano, 2010).
Description of monitoring sessions
The type of geometry of the structure influences the choice of radar location. For this type of
structure the ideal position of the radar is below the bridge deck, because the radar only
measures displacements in one direction and the structure displacements required for modal
identification are mostly vertical. In addition, since the bridge consists mainly of concrete, its
reflectivity to the electromagnetic waves issued by the radar will naturally be more reduced.
As a solution, during the execution of the monitoring plan, strategies were also considered for
the placement of reflective cones in the structure. The monitoring plan carried out considers
two monitoring cases, depending on the arrangement of the reflecting cones (Silva, 2015). In
the first case the monitoring is done with the longitudinal distribution of the cones by the two
spans; and in the second case, the monitoring is done with the distribution of the cones only in
the second span (Figure 2).
Figure 3 shows the placement of the reflecting cones in the area near the deck edge, for which
the radar was positioned under the bridge deck also in the vicinity of the deck (Silva, 2015).
Such location of the radar also was determined to avoid direct influence on the potential
movement of people and vehicles, which could interfere with the opening beam of the radar
antennas.

Fig. 3 - Installation of the reflective cones (Silva, 2015)

In Figure 4, the positioning (geometry) of the radar in relation to the bridge is shown, in the
direction of monitoring. The geometry that characterizes this monitoring is defined according
to the following parameters:
•
•
•
•

x represents the horizontal distance (in a straight line) between one end of the bridge
and the radar;
z represents the difference of height between the antennas (starting point of the
opening beam) and the bridge deck;
α represents the aperture of the antennas and varies according to the antenna
characteristics;
φ represents the tilt of the radar, in order to obtain a better coverage of the structure
with the aperture beam of the antennas.
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Fig. 4 - Representative diagram (in elevation) of the monitoring geometry from (Silva, 2015)

Table 1 gives the monitoring parameters corresponding to the two monitoring cases (Silva,
2015).
Table 1 - Geometrical Parameters of the Monitoring cases
Cases

X (m)

Z (m)

φ (degrees)

1

0,60

2,50

20º

2

0,60

2,50

30º

Analysis and monitoring data comparisons
The choice of radial cells in the first monitoring case was quite satisfactory, since almost all
the cones that were placed in the structure presented good results in terms of energy, and
which translated into good data for the modal analysis of the structure. In addition to the good
results obtained, all the radial cells showed in-phase displacements. As a final result, through
the Fourier transform the velocity spectrum of Figure 5 was obtained, in which it was possible
to identify the frequencies corresponding to the first and second modes of vibration (Silva,
2015).

Fig. 5 - Velocity spectrum for the radial cells data selected in the first case from (Silva, 2015)

In the second monitoring case, the location of the reflective cone targets was only on the
second span of the bridge; the results obtained were not as good as those of the first case,
since of the six cones only four had good displacement signals. Nevertheless the selected
radial cells showed in-phase displacements, and through the Fourier transform it was possible
to obtain two natural frequencies (corresponding to two modes of vibration: 1st and 3rd)
identified in the velocity spectrum of Figure 6.
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Fig. 6 - Velocity spectrum for the radial cells selected in the second case from (Silva, 2015)

Table 2 shows the values of the bridge natural frequencies identified in the monitoring cases
using RI (SHM by RI), and the corresponding frequencies obtained in the well-established
Vibest research unit study [6]. The percentual differences are also given, which emphasizes
the accuracy of this non-intrusive SHM technique.
Table 2 - Comparison of natural frequencies: SHM by RI and Vibest study
Mode

SHM by RI (Hz)

Vibest Study (Hz)

Difference

1

0,94

0.97

3.1 %

2

2.06

2.04

1.0 %

3

2.08

2.07

0.5 %

B- Pinhão Bridge
Structural Description
The Pinhão road bridge (Figure 7) is a structure that allows the crossing of road vehicles
through the Douro River, linking the districts of Viseu and Vila Real (Alves, 2016). This is an
old structure that was opened to traffic in 1906 and has already undergone a rehabilitation
process, notably in 2006, so that it could be able to allow the circulation of road traffic
fulfilling all the safety criteria inherent to the current design Eurocodes.

Fig. 7 - Pinhão Bridge from (Alves, 2016)
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In structural terms, the steel superstructure consists of a metal deck with three independent
span sections spaced 68.60 meters between the supports, and a span (about 10 meters in
length) close to the south bridge abutment (Figure 8). The bridge is supported on three pillars
(P1, P2 and P3), implanted in the river bed and that present total heights of 20 meters,
constructed in granite masonry. The bridge still has two abutments (south abutment and north
abutment) also constructed in granite masonry (Alves, 2016).
Monitoring Considerations for Pinhão Bridge
The monitoring of the Pinhão bridge was carried out in only one bridge span, the
northernmost section of the structure (north span, see Figure 8). One of the factors to be taken
into account, for the characterization of the dynamic behavior of this span, was the
positioning of the radar system. In order to observe the vibration frequencies of the structure
in longitudinal and transverse directions, two distinct monitoring operations are carried out in
the two directions. The first monitoring refers to the dynamic evaluation of this section with
respect to the longitudinal behavior of the bridge; while the second monitoring refers to a
dynamic evaluation of the same northernmost deck span with respect to the transversal
behavior of the bridge. These RI experimental characterizations are duly explained in the
following parts of this subchapter, and are compared with other previous experimental
observations obtained by tri-axial accelerometers (using seismographs).

Fig. 8 - Elevation diagram of Pinhão bridge from (Alves, 2016).

SHM of the longitudinal behavior of Pinhão bridge
For a better identification of the vibration frequencies of the structure in the longitudinal
direction, by SHM of the north span bridge section, the IBIS-FS radar is positioned under the
bridge deck as shown in Figure 9. This positioning is rational and adequate for the monitoring
of bridges and viaducts, since the placement of the radar under a structure of this type allows
the observation of vertical displacements that it suffers under environmental actions (causing
environmental vibrations) and the circulation of road vehicles from (Alves, 2016).

Fig. 9 - Positioning of radar IBIS-FS for SHM along longitudinal direction from (Alves, 2016).
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The number of reflection points in the lower part of the deck has a significant impact on the
selection of the measurement points, which can represent good virtual sensors, due to the
metallic discontinuities that this structure presents along the span under analysis (Alves,
2016).
From the phase representation it is possible to obtain (from the displacement spectrum in
Figure 10) the vibration frequencies of the structure, subjected to environmental actions and
road traffic. The data from three radial cells of observations (Rbin 5, Rbin 8, Rbin 13) is quite
consistent across the frequency range represented. It can be stated that the data from radial
cell Rbin 19 has some discrepancies in this displacement spectrum, relative to the remaining
cells; however, because it exhibits practically all of the same vibration frequency peaks, it can
be contained in these results (for natural frequencies detection).
Then four vibration frequencies, represented by four frequency peaks (of values equal to 2.84
Hz, 6.44 Hz, 9.78 Hz and 12.96 Hz), are identified by SHM using RI technique. Thus, it can
be mentioned that the first observed vertical vibration frequency, equal to 2.84 Hz,
corresponds to the first overall bending mode of the structure.

Fig. 10 - Spectrum of projected displacements of the span under analysis by using RI for SHM of the
longitudinal bridge behavior from (Alves, 2016).

These results obtained for Pinhão bridge by the RI non-intrusive SHM technique (Figure 10),
can be compared with the results associated with the amplitude spectrum of vertical
accelerations (Figure 11) obtained through the SHM using tri-axial seismographs
implemented after bridge rehabilitation [8]. So Figure 11 identifies the natural frequencies of
the span under analysis, at the value of frequency corresponding to the peaks of the vertical
accelerations of the structure under environmental vibration tests.

Fig. 11 - Amplitude spectrum of vertical accelerations of the span under analysis obtained by measurements
using triaxial seismographs from (Costa, 2012)
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Thus it is possible to verify that the results obtained by radar IBIS-FS are consistent with
other previous analysis using other SHM techniques, since the first four natural frequencies
observed by radar interferometry (RI) [8] are in agreement with similar values obtained by
using triaxial seismographs (Costa, 2012).
However, because only the first four vibration frequencies are clearly identifiable, it can be
assumed that the quality of the data obtained using RI monitoring technique at this span (at
the position selected and without using reflective cones) may have been influenced by the
possibility of more than one reflection point in the same resolution cell; thus decreasing the
accuracy of frequency acquisition data for subsequent frequency analysis by Fourier
transforms. Nevertheless the errors associated with this comparison of SHM techniques,
applied for observations in the longitudinal direction, are still identified in Table 3; the
accuracy is quite significant.
Table 3 - Comparisons of Longitudinal Natural Frequencies by SHM (Using
Seismographs or Using RI) For Pinhão Bridge
Mode

SHM using Seismographs
(Hz)

SHM using RI
(Hz)

Difference

1

2.79-3.03

2.84

1.8-6.7 %

2

6.15-6.43

6.44

0.1-4.5 %

3

9.6

9.78

1.8 %

4

12.59

12.96

2.9 %

SHM of the transversal behavior of Pinhão Bridge
The positioning of the radar for observations associated with SHM in transversal direction
(Figure 12) is very important, since for this dynamic characterization to be performed the
electromagnetic waves generated by the antennas of the radar IBIS-FS have to focus on the
horizontal displacements that the structure will exhibit mainly under environmental
vibrations.

Fig. 12 - Positioning of radar IBIS-FS for SHM along transversal direction from (Alves, 2016).

Through the spectrum of the projected horizontal displacements (Figure 13), it is possible to
obtain the vibration frequencies of the structure in the transverse direction. Thus, two
frequencies of peak projected displacements are identified, respectively with values equal to
1.82 Hz and 3.46 Hz. The existence of a higher peak also at 2.84 Hz, coherently indicating the
fundamental frequency of the structure in terms of vertical accelerations, clearly means that
the positioning of the radar is not that of a purely transverse monitoring of the bridge;
therefore, the great sensitivity of the data acquisition using RI, allows to make an additional
evaluation of the longitudinal fundamental frequency of bridge vibration.
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The analysis of these results of transversal vibrations obtained by SHM using RI (Costa,
2012), can be compared with the amplitude spectrum of transversal accelerations (Figure 14)
obtained through the SHM using triaxial seismographs implemented after bridge
rehabilitation (Costa, 2012).Table 4 synthesizes such comparison for the first two natural
frequencies, indicating the accuracy of these SHM techniques.

Fig. 13 - Spectrum of projected horizontal displacements of the span under analysis by using RI for SHM of
the transversal bridge behavior from (Alves, 2016),

Fig. 14 - Amplitude spectrum of transversal accelerations of the span under analysis obtained by
measurements using triaxial seismographs from (Costa,2012)
Table 4 - Comparisons of Transversal Natural Frequencies by SHM (Using
Seismographs or Using RI) For Pinhão Bridge.
Mode

SHM using Seismographs
(Hz)

SHM using RI
(Hz)

Difference

1

1.98

1.82

8.1 %

2

3.5

3.46

1.1 %
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The values in Table 4 are considered close enough, even for the estimation of the fundamental
frequency. An estimation of the fundamental transverse frequency with an error of 8.1% is
herein considered acceptable, since it was associated with multiple spurious reflections of
target points in the same range beam cells, due to unavoidable interference of vehicles traffic
on the bridge in the day and during the journey of observations.
C- Railway bridge in Alcacer-do-Sal
The railway bridge in Alcacer-do-Sal promotes the crossing of passenger and freight trains
along the Sado River, improving the connections to the south of Portugal and to the port of
Sines through a superstructure spanning 2.7 km. It includes a bowstring bridge made of steel
and reinforced concrete, about 480 m long, and two access viaducts (north and south) with a
total length of 1115 m and 1140 m, respectively (Figure 15). The superstructure is formed by
a reinforced concrete deck, supported by metallic components, connected with the piers and
foundations also of reinforced concrete (class of resistance C40/50). It was designed for two
ballasted railway lines, for trains circulating at a speed up to 240 km/h (Reis, 2010).

Fig. 15 - General view of Alcacer-do-Sal bridge from (Reis, 2010).

In order to take into account the effects caused by the interaction between the track and the
structure, the superstructure of these viaducts is divided into sub-decks with continuity in the
middle supports. Wherever possible these sub-decks, with middle continuity, are separated in
between themselves by simply supported adjacent viaducts (on specific spans) of the full
deck. The later also provide a minimization of displacements resulting from temperature
changes which the structure is subjected (Reis, 2010) and (Alencar, 2016). For the purpose of
SHM, this work therefore refers to a section of the north access viaduct (Figure 16), with a
length of 45 m, simply supported at the end piers (which have a height of 10 m).

Fig. 16. Simply supported viaduct of Alcacer bridge under SHM from (Alves,2016)
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This simply supported viaduct of the bridge has a cross-section with a 13 meters wide
platform throughout its length, supported by two high-rigidity metal beams (2.60 m high, and
spaced 5.80 m apart). These beams are interconnected by horizontal diaphragms and bracing
systems (Figure 17).
This viaduct section of the bridge, presenting a heavy metallic construction which supports
the reinforced concrete slab and the railway line itself, allows a good characterization of its
dynamic behavior over time using the radar interferometer system: either through
environmental vibrations, and/or through the passage of trains. The discontinuities between
the high rigidity metal beams, the connections between the horizontal diaphragms and the
bracing, constitute observation points of good electromagnetic reflectivity necessary for the
adequate use of the RI on this bridge section (Figure 17) through the IBIS-FS interferometric
radar (Alves, 2016).

Fig. 17 - Structural metallic elements (bracing, diaphragms and walkaway) of the viaduct stretch
under SHM from (Alves,2016)

The interferometric radar also allows the analysis of the vibration frequencies induced by the
Alfa Pendular high-speed train in the railway viaduct span under analysis. In Figure 18 it is
represented (for the record Rbin 19, of the observations taken during train passage) the
corresponding spectrum of the projected vertical displacements at the position of the
reflective cone used underneath the deck. From such spectrum, it is clearly identified the
major excitation frequency that such train passage induces in the structure when it circulates
at 220 km/h. This excitation is signaled by peak of the projected vertical displacements
obtained by the radar at 2.50 Hz. The fundamental frequency of the viaduct span under
analysis can also be observed in this displacement spectrum, by the peak at 2.86 Hz. This
frequency is associated with the first mode of longitudinal flexural bending vibration of this
viaduct span. The presence of several spectrum peaks at frequencies up to 2 Hz, is considered
associated with the vibration of the flexible longitudinal metallic walkway (underneath the
deck, and not yet monitored with any fixed equipment) under simultaneous environmental
excitations and passage of the high-speed train.

Fig. 18 - Spectrum of projected vertical displacements (using RI) at the section
of application of the reflective cone, on the viaduct span under analysis and due
to passage of Alfa Pendular train from (Alves, 2016)
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The two frequencies mentioned above, obtained by Fourier transform of the observed
displacement data when using the IBISDV software (inherent to the IBIS-FS interferometric
radar), can also be compared with the corresponding frequencies obtained by the analysis of
the displacements data obtained by the Position Sensing Device (PSD) that has been installed
in this viaduct span on a steady basis. This PSD is a SHM instrument that detects the
variations of the position of a localized point of a structure, through the illumination of a
sensor by a laser and detecting variations in the energy of light incident and reflected; this
SHM using PSD is part of an investigation to evaluate fatigue effects in the deck slab of this
simply supported viaduct of Alcacer bridge (Alencar, 2016).
After MATLAB manipulation of the SHM observations data obtained using PSD, the graph
of vibration amplitudes at the sensor point of PSD is obtained (Figure 19), revealing two
peaks at frequencies of 2.56 Hz and 2.88 Hz; they correspond to the excitation caused by the
Alfa Pendular train passage and to the fundamental frequency of the viaduct span.
Table 5 compares the excitation frequency and the fundamental longitudinal flexural vibration
frequency obtained at this viaduct span by the two SHM techniques (PSD and RI). These
results confirm that the SHM performed by RI evaluates with great accuracy the precision of
the calculations also taken on a steady basis by the PSD, installed in the monitored viaduct for
studying specific aspects of the Alcacer bridge dynamics.

Fig. 19 - Spectrum of vibration amplitudes at sensor point, by PSD system from (Alves,2016)

Table 5 - Comparisons of Frequencies by SHM (Using PSD or Using RI) of
Alcacer-do-Sal Bridge.
Peak at spectrum

SHM using PSD
(Hz)

SHM using RI
(Hz)

Difference

1

2.56

2.50

2.3 %

2

2.88

2.86

0.7 %
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CONCLUSIONS
This article provided dynamic results from SHM using radar interferometry of four practical
cases of Portuguese bridges (stress ribbon, metallic and mixed construction) designed for
distinct functions (pedestrian, roadway, and railway). The bridges were chosen since they also
have been monitored by other techniques. The comparison of results with respect to the
evaluation of natural frequencies and excitation frequency, showed the high accuracy the
portability and the easiness of use of the radar interferometry non-intrusive technique.
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ABSTRACT
This work presents an application of an interferometric radar to evaluate the dynamic
characteristics of a Lattice Transmission Tower case study in Portugal. The paper describes
the main techniques of the radar equipment and its technical characteristic. A comprehensive
description of the experimental procedures for the investigated case study is given. The results
of the radar data analysis and the identification of dynamic characteristics of the transmission
tower are also addressed.
The main results of dynamic monitoring serve as an input to calibrate a numerical model
(frequency manual tuning) of a lattice transmission tower and thus improve the actual
structure behaviour knowledge for posterior performance assessment.
Keywords: radar, remote sensing, interferometry, structural health monitoring, lattice
transmission tower
INTRODUCTION
Structural health monitoring can have a huge contribution to the mitigation/reduction of
possible structural failure and consequence social-economic losses. One of the possible
techniques used at the present to evaluate to dynamic behavior of structures is ambient
vibration analysis.
Ambient vibration test (AVT) have significant benefits for large scale structures where it is
difficult to provide the significant level of input force required to carry out a realistic forced
vibration test (Ivanovic, 2000). Therefore AVT can be very useful to acquire more knowledge
of the structure under study (dynamic behavior, damage detection) and can help in developing
structural models for use in performance-based engineering. In this particular case the purpose
is to gather more information about the dynamic behavior of the structure through the
utilization of remote sensing (non-contact) technique a radar-based microwave interferometer
(Pieraccini, 2007).
Lattice transmission tower are one of the most common solution to support overhead power
lines. Even nowadays transmission towers are a very complex structure to accurate analyze,
due to complicated loading condition (extreme winds, earthquakes) and the diverse sources of
non-linearities that exist at the system behavior level (Lu, 2016).
CONCLUSIONS
This study shows some of the main difficulties encounter during the dynamic investigation of
the transmission tower. The high density of members of an ordinary lattice tower is one of the
-1301-
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main issues in the interpretation of results of the radar data. Nevertheless the first frequencies
of the system tower-conductor were identified which allow then to manual calibrate the
numerical model developed for this case study.
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ABSTRACT
This paper explains the policies and examines the implementation of inclusive design of open
space for the visually impaired (VI) in China. We study three cases-Beijing, Hong Kong and
Taipei-to understand the relationship between policies and their implementation. Based on
this analysis, we highlight different kinds of relationships. We identify the causes of failure in
the three cases, and suggest ways in which policies can be reliably implemented to facilitate
the interconnection between policies and implementation.
Keywords: visually impaired (VI), inclusive design, open space.
INTRODUCTION
The implementation of inclusive design in open space has attracted significant attention when
examining the developmental status of a city. Open spaces are based on the concerns of
‘design for all’ and ‘open to all’, and allow spaces for public gatherings, relaxation and
communication (Aubock and Cejka, 1996; Siu, 2010). It is generally considered that a welldeveloped city should thus possess sufficient and practical inclusive design. The content and
coverage of inclusive policies and how they are established is considered to be one of the
important determinants for the effectiveness of the implementation process. The relationship
and links between policies and implementation are crucial to examine the causes for success
and failure in the implementation of inclusive policies.
This paper reviews the policies and the existing inclusive design through an examination of
three cases from Beijing, Hong Kong and Taipei. While these three cities are located in
China, they have different inclusive policies and implementation processes. We examine the
relationship between policies and their implementation through the study of inclusive design
in three cities in China with similar cultural contexts. This approach may also reveal the
causes for their reliability and failure. In addition, this paper further suggests several ways in
which policies can be reliably implemented. This paper chiefly concerns the policies and
inclusive design for VI persons, as many VI persons are directly or indirectly excluded from
open spaces (Siu, 2012) and their needs are seldom addressed (Faruk et al., 2008).
METHODS
The selected districts in Beijing, Hong Kong and Taipei
In Beijing, we visited three old districts, namely Xicheng, Dongcheng and Chaoyang, Figure
1. The population densities (number of persons per km2) of these districts were 24,372/km2,
21,881/km2 and 7,530/km2 respectively, ranking them in the top three among all districts in
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Beijing (Beijing Municipal Bureau of Statistics, 2010). Several hutongs (traditional residential
areas) were also located in these districts. Old and newly built neighbourhoods coexisted in
these districts. In this study, we visited 15 open spaces, including large parks, community
parks and squares.

Fig. 1 - Locations of Xicheng, Dongcheng and Chaoyang districts in Beijing

Fig. 2 - Locations of Kwun Tong and Kowloon City districts in Hong Kong

In Hong Kong, we visited two old districts with high population densities, namely Kwun
Tong and Kowloon City, Figure 2. The population densities were 55,204 for Kwun Tong and
37,660 for Kowloon City, ranking them the first and sixth highest respectively among all
districts in Hong Kong (Census and Statistic Department, 2011). In Kwun Tong, the median
monthly income was HK$15,960 (approximately US$2,046), which was the lowest among all
districts in Hong Kong. The nature of the low income and high-density populations in these
selected districts provided a good laboratory for researchers to evaluate the policy
implementation of inclusive open spaces. In these two districts, we visited 15 open spaces,
including parks, outside seating areas and gardens. Nine of the 15 were owned by local
authorities, while the others were privately owned.
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In Taipei, we selected Da’an and Zhongzheng districts as the core areas for field research,
Figure 3. The population densities in these two districts were 27,283/km2 and 20,975/km2
respectively, ranking them the first and fifth highest among all districts in Taipei (Department
of Household Registration, 2017). In the two districts, we visited 15 open spaces, including
parks, community parks and pocket parks.

Fig. 3 - Location of Zhongzheng and Da’an districts in Taipei

Procedures
An empirical comparative study was conducted in Beijing, Hong Kong and Taipei in 2017.
Data were collected from multiple sources, such as documentation, observations and
interviews. Documents related to inclusive policies were reviewed. We visited 45 parks,
including large parks and small outside seating areas in the three cities. Photos and notes were
taken to record on-site observations made by the researcher and situations. In addition, with
support from organisations for the VI in the three cities, 36 VI persons aged between 18 to 75
years were recruited to provide their opinions on the existing design of open spaces. Each
interview took approximately 45 to 60 minutes to complete. To assist the VI persons to
express their views freely, we conducted unstructured interviews to gain in-depth information
from the respondents. These unstructured interviews were more similar to ‘conversations’
than ‘interviews’. The respondents were encouraged to speak freely without feeling limited by
any pre-selected topics or confined scopes (Gray, 2009).
RESULTS
Policy implementation of inclusive design in Beijing
Figure 4 shows an example of a failure in policy implementation of inclusive design in
Beijing. According to the Codes for Accessibility Design (2012), ‘warnings of hazards shall
be provided at dangerous areas’ and ‘no telegraph pole or any obstacle are allowed to put on
the tactile paths’. However, many obstacles, such as sharing bikes and bollards, were placed
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in front of the entrances or along the access routes in the open space. It was thus inconvenient
or dangerous for people with disabilities, especially VI persons to approach the site. In the
interviews, most of the respondents in Beijing indicated that they did not trust the inclusive
design provided in the open spaces, such as tactile paths, due to the weak implementation and
lack of maintenance. It can thus be argued that the inclusive design for VI persons that was
implemented based on the policies and guidelines was not reliable. Most of the obligatory
policies related to inclusive design were poorly implemented or not implemented at all.

Fig. 4 - An example of a failure in policy implementation of inclusive design

Policy implementation of inclusive design in Hong Kong
In Hong Kong, the policies regarding inclusive design were better implemented in public
open spaces than privately owned open spaces. In some public open spaces, tactile warning
strips were provided in front of the stairs to inform VI persons about the potential hazard (see
Figure 5). Moreover, some step edges were designed with a sharp contrast by using a different
material to the ground to warn users. However, in some privately owned open spaces, the
colour of the stair edges was in low contrast to the ground, to maintain a visually appealing
appearance. Tactile warning tiles were only provided in low contrast colours or not provided
at all (see Figure 5).

Fig. 5 - Privately owned open space (left) and public open space (right)
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In the interviews, the VI persons in Hong Kong said that they still had to rely on the inclusive
design provided by local governments. They emphasised that they would use them if they
were able to locate them. However, they also mentioned that the tactile paths sometimes
deceived them. Although it may not lead to danger, it did discourage users and wasted their
energy. The information provided sometimes brought about confusion for the VI persons
interviewed in this study. For instance, the tactile path would directly guide them to the toilet
even if they did not intend to go there.
Policy implementation of inclusive design in Taipei

Fig. 6 - Barrier-free design in open spaces was designed for wheelchair users, but
not for persons with sensory impairments

In Taipei, policies of inclusive design were promulgated to guarantee the availability of
barrier-free design and assist people with disabilities to attain independence and develop their
potential. However, most of the barrier-free designs in open spaces in this study catered only
for wheelchair users, elderly people and young children, rather than persons with sensory
impairments (see Figure 6). In the interviews, most of the respondents said that they sought
help, rather than relying on the barrier-free facilities to access the destination. In fact, many
Taiwanese were willing to offer help to VI persons. However, this also weakened the
confidence of VI persons to be independent. Some respondents said that they had been
recommended to go outside as infrequently as possible, even though they had obtained good
training from the trainers and were capable of going outside alone.
DISCUSSION
The relationship between policies and implementation
In the three cities, the local authorities promulgated policies to ensure that persons with
disabilities have equal rights to access public spaces and services. However, according to the
data, the three cities had significantly different characteristics in their policies (see Figure 7).
For instance, in Beijing, the policies were centralised so that the government, as the highest
authority for legislation, issued most of the inclusive policies officially. In Hong Kong, the
policies related to inclusive open spaces were scattered in various laws, regulations and
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design guidelines. In Taipei, the structure of the policies was quite different. The policies
relating to barrier-free design of open spaces were issued at different levels, from the
constitution, the highest level of law, to local rules and ordinances. Taiwanese policies have a
backboned structure, meaning that all details at different levels are coherent and correspond to
each other. Moreover, while examining the implementation of inclusive design in the three
cities, we found that the processes in Beijing and Hong Kong were government-active/citizenpassive. Taiwan, by contrast, implemented inclusive policies through a government-citizen
collaborative approach. In contrast to the top-down strategy applied in Beijing and Hong
Kong, Taipei adopted both top-down and bottom-up strategies to implement the policies in
inclusive open space.

Fig. 7 - The relationship between policies and implementation in Beijing,
Hong Kong and Taipei

Reliability and failure of policy implementation in the three cities
The three cases indicate that a gap exists between policies and their implementation.
Identifying the causes of failure is essential to address this gap. In the following section, we
discuss the causes of failure in Beijing, Hong Kong and Taipei. The causes include a (1) lack
of clear instruction, (2) lack of feedback channel, and (3) imbalanced emphasis on a particular
type of disability.
Lack of clear instruction. The cases in Beijing showed that the centralised top-down policies
related to inclusive design for VI persons were too general to implement. For instance, while
it used words such as ‘must,’ ‘must not,’ ‘should’ and ‘should not’ with regard to certain
rules, it did not provide detailed guidance on how and why the policies should be
implemented. Due to the lack of clear instruction, the policy implementation mostly failed to
achieve its original purpose.
Lack of feedback channel. Compared to Beijing and Taipei, Hong Kong regulations and
design guidelines related to VI persons were more detailed. However, the details were
scattered over different kinds of policy. The scattered structure made following up difficult
for designers and builders. The designers sometimes had to investigate different policies at the
same time to sort out how inclusive design should be set up in the city. In addition, sometimes
the inclusive design provided incorrect information to the VI persons. The governmentactive/citizen-passive implementation approach made it challenging and problematic to
collect feedback, and the inclusive design did not improve, and sometimes created chaos and
-1310-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

misled the users. The VI persons could only share their opinions about the inclusive design
through different channels.
Imbalanced emphasis on a particular type of disability. In Taipei, the policies related to
barrier-free environments were widely discussed by governments and researchers. The
backbone-structured policies provided detailed and systematic guidance on how inclusive
design should be included in society. Moreover, city dwellers were keen to participate in the
community activities to enhance the quality of open spaces, such as supervision and
maintenance. The government-citizen collaborative approach successfully cultivated a barrierfree living environment for people with disabilities. However, the VI persons did not gain
adequate benefits from the inclusive design, as their needs were not directly addressed. We
found that the government was prepared to sacrifice the rights of VI persons to meet the
satisfaction of other users. For instance, most of the tactile paths in the public spaces were
removed as the protruded dots/strips caused difficulties for wheelchair users to ride across the
street.
Implications for reliable inclusive design of open spaces
The findings indicated that there is no universal set of rules to ensure a reliable approach to
policy and implementation. However, some possible suggestions are still necessary to
increase the reliability of policy implementation of inclusive design for open space. We
summarise the suggested approaches below.
1. Providing specific design guidelines and standards by using appropriate illustrations,
precise definitions and descriptions, rather than general and vague terms. Examples
and clear illustrations can facilitate designers and builders to follow the requirements
appropriately.
2. Understanding user behaviour from the perspective of real users, rather than the
perspective of policymakers and experts. To identify the actual barriers and
requirements, participatory action research should be adopted to facilitate the review,
planning, evaluation, adjustment and implementation of policies. It can provide an indepth understanding of the various concerns from different stakeholders, which are
neglected or misunderstood by designers and governments (Siu and Xiao, 2017).
3. Considering the widest spectrum of users. The government should pay more attention
to sensory impaired persons in open spaces. In terms of city users, the government
should consider not only wheelchair users, elderly people and young children, but also
sensory impaired persons.
4. Ensuring effective communication and evaluation during the process of policy
implementation. This enables design requirements to be conveyed from policymakers
to builders. Licenses should not be issued to open spaces that fail to implement
inclusive design policies.
5. For some privately owned open spaces, economic incentives such as tax incentives
and rewards can be offered to developers if they implement the policies and design
guidelines appropriately.
CONCLUSIONS
This paper contributes to the current literature on the reliability and failure of policy
implementation of inclusive open space. We found varying degrees of failure in policy
implementation through our examination of three Asian cities with similar cultural contexts.
Most of the existing open spaces were designed in a so-called inclusive approach, with the
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purpose to satisfy local governments, rather than real users. In many selected cases, open
spaces were not equally available for all city users and not user-friendly for VI persons. Based
on the results, this paper also identified three different policy structures and the relationship
between policies and their implementation.
Based on the analysis, we identified the factors affecting the achievement of inclusiveness and
the causes of failure for implementing inclusive design for VI persons in the three cities. We
further suggested five ways in which policies can be reliably implemented based on our
analysis of the failed cases. These findings and suggestions can benefit other densely
populated cities with similar living situations.
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ABSTRACT
The paper reviews the engineering standards of playgrounds and discusses the failure of
social inclusion in children’s playgrounds through the case study of Hong Kong. As the play
equipment in playgrounds in Hong Kong follows the international playgrounds safety
standards ASTM F1487 and EN 1176-1, these standards are reviewed. Based on the review
and the current situation of social inclusion in playgrounds, this paper suggests that it is
important and necessary to include social inclusion concept into engineering standards so that
the stakeholders are reminded to consider both the physical and social needs of the children
with disabilities.
Keywords: Social inclusion, public space, inclusive playground, engineering standards.
INTRODUCTION
In view of the global concerns about the needs and the rights of the deprived, the disabled and
the minority groups, many well-developed countries has established different kinds of
inclusive policies to ensure that all citizens are able to enjoy the benefits provided by the
government and actively participate in the society. In correspondence to the policies,
governments has also renovated different kinds of public facilities and established different
campaigns to promote inclusiveness. Children’s playground is one of the major public
facilities that inclusiveness is concerned. It is essential to allow children with different
capabilities to enjoy play equipment in playgrounds, as play is an essential element in
children’s daily life. Children can develop their physical, cognitive and emotional abilities,
and social and problem-solving skills (Brett, Moore, and Provenzo, 1993). According to the
Convention of the Rights of the Child (United Nations, 1990), the Article 31 stated that all
children have the right to play and enjoy their leisure time by participating in different kinds
of recreational activities. All children, regardless of their capabilities, should be able to enjoy
play and play equipment in public playground. As most of the families in densely populated
city such as Hong Kong may not own a private playground, the provision of inclusive public
play equipment is crucial to encourage play inclusion of children with different capabilities.
The provision of inclusive play equipment is meant to allow children with different
capabilities can enjoy the playtime. However, while the majority of children playing in
playground are without disabilities, it is sometimes difficult for children with disability to
play and join other children at play. Whether the facilities are able to provide opportunities for
social inclusion in inclusive playground is crucial. Inclusive play can only occur in this
circumstance, and playground with inclusive play equipment can only be truly inclusive.
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Currently, although most of the playground facilities are conformed to the international
standards such as ASTM and EN, it is still questionable whether social inclusion is adequately
concerned. In Hong Kong, although some playgrounds include inclusive play equipment, it is
unknown whether children with different capabilities would play together in the playground.
Taking Hong Kong as a case study, the paper examines and discusses the failure of social
inclusion among inclusive playground facilities through reviewing the engineering standards.
Hong Kong is selected as the case study because it is a well-known densely populated city
where public playground plays an important role in children’s childhood, and it is also a
developed city that other inclusive facilities for people with different capabilities, for
examples, tactile paths, Braille maps for the visually impaired, and ramps for the
wheelchaired, are adequately provided in public areas.
PUBLIC PLAYGROUNDS IN HONG KONG
Hong Kong public playgrounds are managed by the Leisure and Cultural Service Department
(LCSD) and the Housing Authority and Housing Department. Most of the inclusive play
equipment installed by the management departments is modular, and they are Composite Play
Structure (CPS) as stated in the US playground safety standard ASTM F1487. The name CPS
implies that the play equipment and the inclusive features are similar to each other in different
playgrounds. For instance, in Figure 1, slides and climbing frames are incorporated into one
CPS, and they are also the two most popular play equipment of CPSs. Apart from the CPS,
swing is another facility present in playgrounds but it is not incorporated into CPS (Figure 2).

Fig. 1 - Composite play structure in Quarry Bay Park inclusive children’s playground in
Hong Kong (photograph by authors)

Not all of the CPSs are inclusive. According to the website of the LSCD website, about 70%
of the children’s playgrounds are inclusive (LCSD, 2015). However, in a previous study, it is
found that one of the ‘inclusive’ playground does not have any inclusive facilities (Siu, Wong,
& Lam, 2017). The Hong Kong Committee for UNICEF also found that only 4.5% of the
playgrounds in Hong Kong has inclusive facilities (Hong Kong Committee for UNICEF,
2018). Inclusive play equipment is inadequate in Hong Kong in the first place.
Among the 4.5% of the inclusive playgrounds, inclusive play is not observed. These
playgrounds may not be truly inclusive. Based on the observation on children’s play in an
inclusive playground conducted in a study of inclusive play (Siu and Wong, 2017), no
children with disabilities was playing in the playgrounds, and inclusive play was not found,
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despite the provision of the inclusive play equipment. Although the Legislative Council of
Hong Kong has already recognized the issue (The Legislative Council Commission, 2017)
and a new inclusive playground will be constructed at Tuen Mun Park, it is still unknown
whether the new play equipment is able to accommodate children with different abilities and
encourage inclusive play socially.
All of the play equipment in the existing playground is imported from the US and Europe, and
recently from South Korea and China. They are all conform to the ASTM F1487 or EN 1176
playground safety standards depending the origin of the design. Although Hong Kong has its
own guidelines and design manual for designing inclusive playgrounds (Playright, 2016), the
existing playgrounds do not conform to them. The play equipment in the inclusive playground
at Tuen Mun Park is the new playground which follows the inclusive design manual. It is
initially designed by children through a participatory design process and adopted by the
Architectural Services Department. It is still unknown how the play equipment there
conforms to the engineering standards. Nevertheless, the ASTM and EN standards are
reviewed to study and examine the failure of social inclusiveness among CPS in the existing
playground.

Fig. 2 - Swings in Sai Tso Wan children’s playground in Hong Kong
(photograph by authors)

ENGINEERING STANDARDS OF PLAY EQUIPMENT
ASTM standard (and the Standard for Accessible Design)
Several ASTM standards are related to playground equipment, e.g., ASTM F1487 Standard
Consumer Safety Performance Specification for Playground Equipment for Public Use,
ASTM F2373 Standard Consumer Safety Performance Specification for Public Use Play
Equipment for Children 6 Months through 23 Months, and ASTM F1292 Standard
Specification for Impact Attenuation of Surfacing Materials Within the Use Zone of
Playground Equipment. The standard, i.e., ASTM F1487, is reviewed because it is the most
general one with a widest coverage of play equipment for public use. However, the major
concern of the standard is about safety, and it is often that only the minimum requirements
about the size or height of the specific parts in play equipment are stated. For instance, it
states that “the internal diameter of tube slides shall be 23 inches (580mm) or greater”
(ASTM International, 2011, Section 8.5.4.7). The requirement for inclusion and inclusive
play is not explicitly stated in the standard. Other requirements stated in the standard also do
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not have any signs related to inclusion or inclusive play. For instance, it states that “the
guardrail or protective barrier at a platform entrance/exit opening shall have an opening with a
maximum horizontal dimension of 15 inches (380mm)” (ASTM International, 2011, Section
8.4.6). Seemingly, social inclusion or inclusive play is not concerned in the standard.
Section 10 of the standard is about accessibility. It refers to the DOJ 2010 Standard for
Accessible Design for the accessibility of the playground. The DOJ 2010 Standard for
Accessible Design is thus reviewed (Department of Justice, 2010). Although the requirements
only consider the accessibility of the play areas and facilities, the advisory note 240.2.1
(Department of Justice, 2010, p. 100) clearly suggests how the ground level play components:
“Ground level play components accessed by children with disabilities must be
integrated into the play area. Designers should consider the optimal layout of
ground level play components accessed by children with disabilities to foster
interaction and socialization among all children. Grouping all ground level play
components accessed by children with disabilities in one location is not
considered integrated.” (Department of Justice, 2010, p. 100)
“Interaction and socialization among all children” in the advisory note suggests that the
standard promotes social inclusion in playing. Although the advisory note just explains the
requirements, it is clear that the standard has addressed the needs of social inclusion.
Other requirements also concern children with disabilities, however; social integration or
inclusion is not explicitly mentioned.
EN standard
The European standard EN 1176 series addresses all issues related to playground equipment
and surfacing. It includes the requirements and text methods for swings, slides, cableways,
carousels, rocking equipment, full enclosed play equipment and spatial network. It also
provides guidance on installation, inspection, maintenance and operation for the playground
equipment. The general requirement and test method, EN1176-1, is reviewed in this section.
It is meant for playground equipment for all children with different abilities (European
Committee for Standardization, 2008). It is related to the general safety requirements and text
methods of playground equipment and surfacing. Similar to the ASTM F1487, the EN 1176-1
provides the minimum requirements about the size or height to ensure that the play equipment
is safe for children to use. For instance, the surfaces for running or walking should not contain
gaps greater than 30mm (European Committee for Standardization, 2008, p. 26). Accessibility
for children with disability is not specifically mentioned in this standard, and no other
standard is referred regarding the issues of social inclusion.
DISCUSSION
Both the ASTM F1487 and the EN 1176-1 do not address the issue of social inclusion.
However, the former has referred the issue to the DOJ 2010 which is issued by the
Department of Justice. It should be expected that play equipment which follows the ASTM
F1478 also follows the standards of DOJ 2010 regarding the play areas. However, social
inclusion in Hong Kong playgrounds is still not found, although the play equipment
conformed to ASTM F1478 is used in the existing playgrounds. It is noted that the key point
regarding social inclusion at play that advisory note of the DOJ 2010 suggests emphasizes the
allocation and the distribution of the inclusive play equipment in a playground but not its
provision. The last sentence of the advisory note stated that “group all ground level play
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components accessed by children with disabilities in one location is not considered
integrated” (Department of Justice, 2010, p. 100). In other words, the key to facilitate a social
inclusive playground depends on how the inclusive play equipment is allocated. Although
some of the play equipment in Hong Kong is purchased from the US and it should be
conformed to the ASTM F1487, the contents related to social inclusion in the DOJ 2010, i.e.,
how the play equipment should be allocated, may be ignored when designers design the entire
play area in Hong Kong. The concern of social inclusion for playground in DOJ 2010 is not
significantly addressed when playgrounds are designed, despite the referral of DOJ 2010 in
the ASTM F1487. This highlights the essentiality to concern social inclusion and inclusive
play in the engineering standards directly so that not only engineers but also designers as well
as architects are aware of the issues in a direct and straightforward fashion.
CONCLUSION
This paper highlights the issues of social inclusion of the disabled in public space in Hong
Kong. Playground is taken as a case study to investigate the social inclusiveness, as it is one
of the major public spaces where inclusiveness is crucial for the development of children with
different abilities. In a previous study related to social inclusion in playground, no inclusive
play was observed, despite the provision of inclusive playground equipment. The paper
attempts to address the issue through the perspective of engineering standards, and discusses
the inadequacy of addressing the issue in the ASTM F1487 and EN 1176-1. It further suggests
that the reason why the existing playgrounds in Hong Kong failed to provide a social
inclusive play space for children with different abilities is due to the oversight of the contents
in the DOJ 2010 while applying ASTM F1487. Thus, the allocation and the distribution of the
inclusive equipment in a playground, which should be carefully considered in a truly inclusive
playground, may have drawn less attention than its provision. The discussion shows that it is
important and necessary to include social inclusion concept into engineering standards so that
the stakeholders are reminded to consider both the physical and social needs of the children
with disabilities.
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ABSTRACT
The present paper deals with advanced techniques for solving technical problems in plant
maintenance. It describes a methodology based on the modeling of technical contradictions
and the use of inventive principles to overcome them. The article contains two practical
examples illustrating the great potential of these techniques for recent plant maintenance.
Keywords: maintenance, technical contradiction, inventive principles, contradiction matrix.
INTRODUCTION
Engineering systems change qualitatively during the improvement activities and in the
direction to the ideal solution. All technical changes are accompanied by conflicting
requirements (contradictions, technical barriers, restrictions etc.) and the necessity of their
removal. As a rule, contradictions first arise from the subsystem, then they are specified at the
level of the changed system, and the contradictory requirements eventually become clearer at
the level of subsystem elements. Technical contradiction is a contradiction that arises between
several technical systems or components of one system. Improving one part of the system in a
known (usual) manner inadvertently aggravates another part of the system and vice versa. In
order to solve technical contradictions technique described in (Altshuller, 1988) is used.
While this technique is frequently used in the field of product innovation, it is not enough
used to solve technical problems associated with plant maintenance.
RESULTS AND CONCLUSIONS
The method of solving of technical contradictions related to plant maintenance issues is
illustrated by an example of fluid leakage from a flange connection. Using the contradiction
model (Figure 1) and the contradiction matrix (Rantanen, 2007), the following two inventive
principles were recommended to solve this problem:
a) inventive principle #1: segmentation:
-

divide an object into independent parts
make an object sectional - easy to assemble or disassemble
increase the degree of fragmentation or segmentation

b) inventive principle #11: cushion in-advance:
-

prepare emergency means beforehand to compensate for the relatively low reliability
of an object.
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Fig. 1 - Model of technical contradiction for "medium leakage"

In accordance with Principle #1, it is recommended "to divide an object into an independent
part or increase the fragmentation of an object". An example of the use of this inventive
principle is, for example, an innovated type of gasket with graphite coated ( or PTFE coated)
round edged beveled metal ribs when compressed create separate sealing chambers that
breakdown system pressure across the gasket face (Figure 2). This gasket (AIGI, 2013) is, as
compared to traditional shapes, able to provide better sealing properties. The seals are formed
in the form of a "bridge", even after compression, and in this case they also create a
continuous sealing surface. Individual ribs of the seals tend to "open" under the pressure of
the media to reduce its leakage.

Fig. 2 - Application of inventive principle #1 segmentation in a form of innovated gasket (AIGI, 2013)
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ABSTRACT
With today's globalized and increasingly competitive organizational landscape, organizations
need strategy to survive in the midst of excessive competition. In order to save efforts and
resources, companies have started developing their own Integrated Management System
(IMS) as a plausible and effective alternative in this sense. The IMS seeks to achieve the
integration of the processes of quality, environment, occupational health and safety and
corporate social responsibility in accordance with the characteristics, activities and needs of
each organization. An effective alignment of IMS with the business strategy can have positive
influences on innovative capabilities of organizations, as well as the satisfaction of their
employees and customers. However, few companies are aware of the difficulties in aligning
the IMS with their strategy. Therefore, the objective of this research is to propose guidelines
for the alignment of the Integrated Management System with the business strategy in
industrial companies.
Keywords: integrated management system, certifiable management systems, business
strategy.
INTRODUCTION
The globalization of the economy and the recent financial crises have brought new challenges
to organizations with more exigent customers that expect more in terms of new products,
quality and price. The turbulent environment in which organizations are insert are
characterized by intense competitiveness, constant technological advances, new market
demands, and increasingly scarce natural resources. This imposes in the business scenario the
constant needs of operational and management changes (Oliveira, 2013; Simon et al., 2014).
By establishing the guidelines of an organization performance, in front of all the
contingencies and suitable or adverse situations that arise, the selection and implementation of
corporate and business strategies become one of the key points in order to achieve the desired
objectives, such as overcoming the challenges of the market and competition and achieving
adequate performance (Abraham, 2013). Thus, the implementation of certifiable management
systems has also turned to a common practice among different types of organizations. In this
context, the certification of Quality Management Systems (QMS), Environmental
Management Systems (EMS), Occupational Health and Safety Management System
(OSHMS) and Corporate Social Responsibility Management System (CSRMS) are the focus
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of attention due to its great applicability throughout the world. Those management systems
are according to the following norms: ISO 9001; ISO 14001; OHSAS 18001 or more
currently in accordance to ISO 45001; the certifiable SA 8000. The certifiable management
systems can be integrated with a growing variety of other subsystems implemented according
to other standards, including social responsibility, risk analysis, or human resources, etc.
(Rebelo et al., 2012; Oliveira, 2013; Wenig and Refflinghaus, 2015). In this way, the
integration of management systems, the strategy of innovation and customer satisfaction are
three relevant issues regarding the competitiveness of any organization, especially for those
that have implemented some management system standards (Simon et al., 2014). The
difficulties in aligning those three concepts must be explored, in order to achieve a model that
considers all the three concepts together. Given these arguments, the question of this research
can be stated as: in which way is it possible to align IMS developed in industrial companies
with their business strategies, considering the innovation and customer satisfaction?
Therefore, the main objective of this work is to propose guidelines for the alignment of the
Integrated Management System (IMS) with the business strategy in industrial companies.
RESULTS AND CONCLUSIONS
In consequence of the exploratory studies carried out in the initial phase of this research, the
principles and pillars of the business strategy are being identified based on the literature of the
subject. Based on this identification, we are developing the alignment of business strategy
with the principles and pillars of IMS in a parallel study. This research will have an empirical
character, because we will study multiple cases in industrial companies from Brazil and
Portugal, which according to Yin (2014) provides a rich set of data due to simultaneous work
involving multiple sources of evidence and different situations. The developing of guidelines
for the alignment of the management systems with the business strategy has a goal to provide
important procedures for organizations to be competitive in the globalized economy, and meet
the customers and stakeholders demands.
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ABSTRACT
The growing pressure on natural resources and increasing global trade have made
sustainability issues a prime area of concern for all businesses alike. With the focus on
sustainability, a project of an urban vertical garden was conceived for the practice of organic
urban agriculture. Innovative forms of green urban vertical gardens aim to combine food,
production, design and the use of unused spaces “non-places” in urban dwellings.
The results are based on an analysis of documents published in accessible international
resources related to urban vertical gardens, with the objective of developing a new concept
of garden that can be foldable and that can fit in different typologies of spaces, taking
advantage of natural resources typically for promote the practice of urban agriculture. It will
be an important stimulus for the production of controlled plant foods. It promises
environmental benefits resulting from the design and development of a product that includes
new technologies and the choice of reusable materials.
Keywords: sustainable development, urban gardens, design, product development.
INTRODUCTION
Urban development, burgeoning population and rapid urbanization (Astee, 2010) have
contributed to two challenges facing cities today, and the consequent increase in public
buildings and works make evident the scarcity of local environmental resources, putting
biodiversity at issue. The degradation of these resources has raised considerable concerns in
the scientific community, the political system and environmental associations.Various cities
are starting to recognize urban agriculture as an integral part of urban planning (Dubbeling,
2011), upgrading and design. Housing design can take into account (micro-)farming
requirements like designing houses in such a way that they can accommodate growing on
exterior walls and window sills; designing balconies to maximize solar access or with
growing containers already built into them, etc. Scientists warn of the harmful effects of
human intervention on the planet, stressing that natural disasters are the result of a number of
options taken. The planet reacts as an organism to everything we do, because everything that
surrounds us is inhabited by organisms essential to life on earth (Andreoli, 2017).
Increasingly, therefore, the criteria for planning natural resources, such as housing, are taken
into account for the preservation of ecosystems and biological diversity, thus ensuring
sustainable construction based on eco-efficiency, promoting environmental, social and
economic awareness (Florim and Quelhas, 2004). It is a characteristic of the human being to
explore the world, extracting from it everything it needs to survive. The problem is that many
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of the most productive forms use poisons and fertilizers to obtain higher yields, damaging
biodiversity and the planet in general (Sorrentino, Trajber and Mendonça, 2005). The concept
of sustainable development implies respect for nature, looking at it as a resource of raw
material destined to the needs of the planet, but which must be explored rationally (Sorrentino
et al., 2005). Aiming at this sustainability and the preservation of biodiversity, it seems
pertinent to make use of the wasted space at the housing level, the so-called transient places
or "non-places" of Marc Augé (Augé, 1994).
RESULTS AND CONCLUSIONS
With the intention of taking advantage of the “non-places” at the level of an urban dwelling, a
product was conceived in the ambit of the urban gardens, for the practice of urban agriculture.
This project consists in the design and development of a product, which intends to promote
local biodiversity, within the framework of urban gardens. These should be vertical and they
should fit into various spaces. In this way, natural resources will be used to promote the
practice of urban agriculture. It will be an important stimulus to the production of vegetable
food of controlled origin. The preparation of this product was realized with a help of product
design which it made possible to include technologies and concepts from the visions of people
who practice organic urban agriculture. The concept of a vertical urban garden was proposed,
as well as, alternatives solutions, as shown in Figure1.

Fig. 1 - Vertical model of a vertical urban garden for the practice
of urban agriculture

Social advantages include improving family food security, waste of food and reuse of
unused space. For some applications, the necessary technologies are known, but have not
been combined in this way before.
In conclusion, this product will be seen as an innovative solution that has some potential,
together with a population increasingly aware and concerned about healthy eating habits.
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ABSTRACT
Nutrition influences the health and well-being of all individuals; however, daily activities and
lack of time and alternatives in the consumption of healthy, balanced and varied foods are
factors that determine poor nutrition. The results are based on an analysis of documents
published in accessible international resources related to materials selection, and innovation
systems in packing design with the objective of developing a new product that contributes to
the storage and transportation of healthy meals, to stimulate the interest of a healthy lifestyle
and promote the physical and psychological well-being of individuals. It promises
environmental benefits resulting from the design and development of a product that includes
new technologies and the choice of reusable materials. Social advantages include improving
and contribute to a correct diffusion in relation to a healthy diet, proposing an innovative
system where a selection of materials for a correct conservation of foods will be the main
focus. For some applications, the necessary technologies are known, but have not been
combined in this way before. The paper concludes by outlining what Packing Design can
offer to reorient food systems to successfully promote healthy eating.
Keywords: product development, materials selection, innovation systems, packing design.
INTRODUCTION
The development of new consumer products requires knowledge of target consumers,
production technology and the business environment (Schifferstein, Hendrik N. J. 2016). It is
a useful means of contacting food and consumers, whose purpose is to ensure food quality in
terms of hygiene, conservation, nutritional characteristics and quality of use. In this sense,
food protection and storage, a selection of the best materials and the design are determining
factors for the success of the packaging.
Design integrates a very relevant field for the interaction of man with the product, allowing
the object to be more valuable instead of being thrown out in a short time (Norman, 2004).
Packaging has an increasingly essential role to play in preserving the value invested in
products (Russell 2014) by ensuring that they can deliver their designed service with
minimum wastage. A storage temperature that ensures that food is kept warm or cold in order
to prolong the shelf life of the food and ensure its taste is essential to the success of the
product.
RESULTS AND CONCLUSIONS
After an analysis of the usability tests performed during the product development process, the
results showed that, for the type of product with these characteristics, it is necessary for
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containers and maintenance of hot foods. This system is already used in baby dishes to keep
food warm. The proposed piece to drain water and fats can also be attached to increase the
depth of the place where food is introduced.
The backpack will need darker colors, to be enjoyable when used all year around, and will
have two divisions for the beverage containers in which each division must stay on the sides
of the backpack in order to balance the weight (Figure 1).
At last, it is worth mentioning that pleasing the wishes and needs of consumers, the
manifestation of positive emotions will be even greater, and less experienced negative
emotions shall result in more appealing experiences in product interaction, that arouse
enjoyment and satisfaction during use.
(a)

(c)

(b)

(d)

Fig. 1 - (a) Drawing of the possibilities of the user carry the backpack; (b) Design of possibilities
of the product being transported on bicycles; (c) Front view of the backpack result;
(d) Result of the containers.

The final solution of a multisensory packaging works in function of healthy eating should
aggregate tangible values (pleasantness in shape, color, materials and textures of an object)
and intangible values, that are featured by emotions and experiences provided between the
interaction of the packaging with the user, which will result in well-being and meaning for the
individual.
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ABSTRACT
Computer Aided Engineering (CAE) is common standard in the development process within
the automotive industry. For thermoplastic components, for example, the manufacturing
process is commonly simulated with injection moulding simulation software and passive
safety with explicit crash software. Currently both disciplines are only linked within the
simulation of fibre reinforced thermoplastics to take into account the fibre orientation from
injection moulding simulation within crash simulation due to the significant influence of the
fibre orientation on mechanical part properties. This work proposes a methodology that
allows consideration of moulding conditions on the mechanical behaviour of unreinforced
injection moulded components by coupling injection moulding simulation (Moldflow) and
crash simulation (LS-DYNA®/RADIOSS®). A newly developed dedicated computer
application allows to directly consider results from injection simulation within crash
simulations. The manufacturing boundary conditions that most influence the mechanical
behaviour are combined within the thermomechanical indices (TMI) methodology, and
mapped onto each finite element within the crash simulation. Mathematical functions have
been used to correlate the TMI to important mechanical properties of the moulded polymer. A
user defined material model can read those indices and translate them to local mechanical
properties.
Keywords: injection moulding, flow simulation, structural simulation, thermoplastics.
1. INTRODUCTION
Companies orbiting the automotive industry as OEMs (Original Equipment Manufacturers),
1st and 2nd tiers, raw-material suppliers, etc., are continuously challenged to develop and
produce more reliable and lighter-weight components. This is mainly accomplished through
product design innovations that encompasses high-performance materials. Over the last few
decades, there has been a trend towards the use of advanced technopolymers. These materials
have a pivotal impact on the weight reduction as well as on innovative design features of
automotive components. Indeed, plastic materials are distinguished by the amazing physical
adaptability and impressive breadth of technical/aesthetical performance, allowing product
designers to create extraordinarily complex and highly fluid forms [1].
The development process of plastic automotive components is highly supported by
sophisticated CAD (Computer-Aided Design) and CAE (Computer-Aided Engineering)
software. These have extended the formal and functional possibilities of the engineering
design and manufacturing processes. For instance, mold filling and crashworthiness
simulations are fundamental computer-aided applications in the development of lighter and
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more reliable automotive injection moulded components. Nevertheless, there is room for
improvements. Besides the increasing need for super computation power, computer-aided
tools integration [2-4] and the complex modelling of thermoplastics’ mechanical behaviour
[5-7] are of crucial importance for better-quality simulation results.
Commonly, structure analyses of injection-moulded plastics parts are based on materials’
isotropic characteristics. As known, their mechanical properties are extremely dependent on
the process induced microstructures (e.g. molecular orientation and degree of crystallinity)
resulting from the combination of the injection moulding conditions [8-11]. Therefore, this
statement has oriented companies and academics to develop improved CAE techniques
through the integration of moulding and structural simulations. Academics have been working
on methodologies for improved prediction of the thermomechanical properties of injection
moulded fibre-reinforced thermoplastics through the integration of fibre orientation and
mechanical properties computation [12-17].
Car manufacturers are improving their intelligent plastic engineering design principles based
on the intensifying use of such virtual development integrative methodologies. For instance,
an applied research work has presented a method for transferring injection moulding outputs
into structural FEA (finite element analysis) for a thermoplastic engine part [18]. The
moulding-induced anisotropic material properties were readable in structure FEA by using the
fibre orientation and mechanical properties of the material. Therefore, a more realistic
behaviour of the part could be predicted. Nowadays, examples of standalone commercial
software such as Converse [19] or Digimat [20] allow the orientation mapping and anisotropic
material property data generation through fibres’ orientation. Such data exchange interfaces
tools are more useful when simulating fibre filled than non-filled materials.
Presently, there is a limited usage of coupling interfaces for unfilled semi-crystalline
polymers. An attempted was made to combine injection moulding (Moldflow) and structural
analysis (Abaqus) in order to improve the mechanical response prediction for unreinforced
polymers [21]. The combined effect of crystalline growth and molecular orientation were
considered the key features to couple both disciplines. A multilayered FEM (finite element
model) was built and those microstructural features assigned for each through-thickness
material layer. The authors reported a good agreement between the numerical and
experimental results.
Besides the complex coupling process issues, a good description of the component’s material
behaviour in a wide range of loading conditions is determinant to achieve satisfactory
simulation results. In the existing numerical tools for structural simulations (e.g. commercial
crash software packages) the mechanical properties are described by numerical constitutive
material models. A comparative review of material models for polymers (elastomers, foams
and thermoplastics) with special focus on crashworthiness analysis is presented by Bois et al.
[7]. An overview on existing material models for thermoplastics applicable on shell mesh
elements in LS-Dyna is given by Huberth et al. [22]. Arriaga and co-authors [23] evaluated
the validity of elasto-plastic strain rate sensitive constitutive models implemented in both
Ansys and LS-Dyna commercial codes. Other relevant works have been improving the stateof-the-art on the constitutive material modelling for amorphous [24] and semi-crystalline [2528] polymers.
Accurate modelling of thermoplastics structural behaviour is still a challenge due to several
factors, enumerated elsewhere [6]. The complex material - yield or elasto-plastic and fracture
- behaviour of thermoplastic materials has hitherto been described with limited accuracy,
leading to obvious deviations between the physical and the simulated material behaviour. For
-1328-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

this reason, the Ford Motor Company, has chosen an advanced material model developed by
MATFEM [29] to enhance the crash simulation of thermoplastic materials. This material
model, MF-GenYld+CrachFEM, which accounts for the major yield, hardening and failure
issues of thermoplastics, is already validated for automotive applications [30-33]. Despite the
good results achieved so far, there is a significant potential for improvement in crash
simulations (e.g. efficient CAE tools integration).
This work proposes an approach so that data from injection moulding process simulation can
be interpreted correctly by the commercial crash code LS-Dyna through the material model
MF-GenYld+CrachFEM. The main objective is to evaluate the influence of the injection
moulding conditions on the material properties (stiffness, meaning the Young’s Modulus,
strength, meaning the yield stress, and stress-strain behaviour, meaning fracture) at CAE
level. This combines experimental and computational efforts to improve design and
processing of thermoplastic components for impact load cases by predicting the mechanical
properties through CAE tools integration. Practical experiences have shown the benefits of
the integrative simulation process.
2. SIMULATION TECHNIQUES AND MAPPING TOOLS
2.1. Moldflow Simulations
The injection moulding process was replicated through the Autodesk Moldflow Insight (AMI)
2012 software. The program is able to report valuable results that are generally used to
improve plastic part designs, injection mold designs and the manufacturing process.
The CAD model was discretized into a mid-plane finite element mesh type according to best
practices [35]. Factors affecting AMI accuracy may include: solver technology; component
modelling (mesh type and density of part, gate and feed system); material data; machine
characteristics and process conditions.
The AMI midplane model used in this project has several simplifications. A 2.5D or 3D mesh
type would lead to more accurate results. However, the computation time would exponentially
increase and the link to the structural simulations would be unfeasible.
2.2. Structural FEA and Material Model
The LS-Dyna crash code is used for the analysis. Prior to any structural simulation it is
necessary to perform a set of tasks and analysis, including:
•
•
•
•

Creating the mid-mesh based on CAD data;
Detailed consideration of local thicknesses (CAD2FE tool);
Modelling the fixations;
Creating the load case scenarios [boundary conditions for fixation and loads (degree of
freedom, DOFs), contact modelling between parts if existing, test velocities.

In order to truthfully predict the mechanical performance of a component via simulations,
FEA codes requires detailed information about the geometry, loads, boundary conditions, and
of course the material. The material model must describe precisely the complete stress-strain
behaviour curve of the polymer (elastic, plastic, hardening and fracture characteristics).
Most models are currently based on data from the tensile materials tests. The ISO 18872:2007
specifies procedures for determining the tensile properties of moulding plastics over a wide
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range of strain rates also appropriate to impact-loading situations [36]. Properties are
determined through the use of mathematical functions to model the experimental results,
considering rate-dependence of parameters; tensile properties at very high strain rates are then
derived by calculation. The MF-GenYld+CrachFEM selected for this work is a user-defined
material model developed by MATFEM [30-33].
2.3. Computational Approach for Properties Prediction
The AMI results have been combined in two semi-empirical mathematical equations
(thermomechanical indices, TMI) to characterize the thermomechanical environment impose
by moulding conditions. The most important process induced changes are based on the level
of molecular orientation (thermo-stress index, TSI) and the degree of crystallinity (cooling
index, CI) of the moulded samples [8, 9, 11].
The computation of the TMI has been performed with a computer application, denominated
TMI-App, specifically developed for this project. The TMI-App was developed in native C
language to parse AMI simulation outputs and store them in an embedded database. A
frontend application has also been developed in C#, allowing faster results analysis and TMI
calculation for every single moulding mesh element. Each mesh element contains the specific
TMI info. A previous study has shown the development process of the TMI methodology and
ensuing application, demonstrating the usefulness of this tool [9, 34].
A specific thickness is exported from the TMI-App to FEA packages (e.g. LS-Dyna) through
MAPIT application. MAPIT is a Ford Motor Company in-house developed software,
presented elsewhere [37]. In the scope of the present work, its function is to map the element
properties from mold-filling-specified mesh to structure-specified mesh. The mapping tool
matches the elements’ geometric data and maps relevant information, even though the mesh
characteristics are totally different, i.e. while the rheological mesh is given by triangle
elements the structural mesh is represented by square elements. Consequently, every single
structural mesh element contains the specific TMI info that decodes the process induced
changes.
Figure 1 and Figure 2 show the element properties (nodes ID and coordinates, as well as
elements ID and TMI info) mapping between mold-filling and structural meshes of a simple
geometry for data exchange validation process. It must be noticed that, the best results can be
obtained, if the geometrical difference between both meshes (rheological and structural) are
small; large deviations in the mesh size discretization can lead to significant errors [16, 33].

Fig. 1 - Cooling index as mapped by TMI-App (left image as per rheological mesh) and by
MAPIT (right image as per structural mesh) for a simple disc geometry.
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Fig. 2 - Thermo-stress index as mapped by TMI-App (left image as per rheological mesh) and by
MAPIT (right image as per structural mesh).

3. INTEGRATIVE SIMULATION APPROACH
An integrative simulation chain has been established for assessing the deformation and failure
behaviour of unreinforced injection moulded thermoplastics parts under mechanical load. For
this purpose, dedicated (TMI and MAPIT) and commercial (AMI and LS-Dyna in
combination with a user defined material model MF-GenYld+CrachFEM) computer
applications have been applied.
The relevant AMI outputs are transferred to the TMI-App. This application generates a
specific format mesh report file mapit.prot.txt which is synchronized with the MAPIT-App.
Beforehand the FE LS-DYNA mesh model file fe-model.k is uploaded to the MAPIT-App.
This application maps moldflow computed data onto crash mesh and generates the initial
stress shell file inc_tmi-info.k.map that is required to run structural simulations. The crash
finite element mesh contains, therefore, the thermomechanical environment imposed by the
moulding conditions.
The TMI-App computes the CI and TSI for each processing simulation mesh element, and
generates the tmi.txt report file. Three dimensional correlations between the computed TMI
and properties measured experimentally (e.g. Young modulus, yield stress, fracture strain,
etc.) can be determined through statistical design of experiment tools. The TMI methodology,
here applied, basically finds straightforward mathematical relationships to model/predict the
mechanical behaviour of moulded parts by considering the process induced thermomechanical
environment. However, the basis to achieve reasonable predictive models is by performing a
comprehensive characterization of the materials under different temperatures, strain rates and
manufacturing conditions. The thermomechanical properties of the materials presented in this
work were obtained through dynamic mechanical analyses and high-velocity tensile tests.
The mathematical model equations are then normalized, scaled and implemented in the userdefined-code file mfuser-tmi*.c and in the material card file. The normalization and scaling
factors adjustment of the predictive models are executed by considering the reference material
properties of a specific user-defined material card. The material card MF-GenYld +
CrachFEM, already introduced, was used in this investigation. The reference material
properties are achieved through a systematic procedure that combines laboratorial testing (e.g.
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mechanical characterization of injection moulded samples) and mathematical fitting approach
(e.g. force-displacement curves). The geometric features of the test samples as well as the
boundary injection moulding conditions used for production must be used as AMI simulation
inputs. As a result, the gap between material properties captured in the lab environment and
those experienced in actual moulding conditions is empirically reduced.
The boundary injection moulding conditions of the studied thermoplastic induces a specific
thermomechanical environment - characterized by the TMI - that leads to the reference
material properties. These are the reference TMI. For improved understanding, the output of a
structural simulation for a reference material grade without TMI data would result in an
equivalent force-displacement response if the material card contains the reference TMI
values. Any other combination of TMI leads to different mechanical response and the
properties are scaled accordingly.
Finally, MF-GenYld+CrachFEM provides a shared object interface enabling the modification
of the user defined material model. Within Linux, the makefile writes out the final shared
object file mfuser-tmi.so and the crash simulation outputs are computed, reflecting the effects
of the moulding conditions. The above described integrative user-defined simulation chain
contributes to improved virtual product/process development.

4. INTEGRATIVE METHODOLOGY VALIDATION RESULTS
In order to validate the new developed functionality, i.e. include the injection moulding
simulation results in the crash simulation material card through TMIs, at first a basic
component (tensile specimen) simulation was carried out. With this approach, the capability
of the developed simulation chain can be tested with reduced computation time. Moreover,
functional issues can be easier identified than with complex simulation models. Secondly,
experimental test results are compared to the simulated deformation behaviour of the
toolboxes, following the same simulation chain approach. The analysis results have been
proved valuable.
Simulations were performed in a tensile specimen model using different inputs. The boundary
conditions and results are shown in Figure 3. At first, the simulation was run without any
injection moulding history assigned to the material card (black curve) of the tensile specimen.
Then, another simulation was carried out with the material card containing the reference
thermomechanical history (red dashed line) that is equivalent to the first force-displacement
curve. Other simulations were performed in order to evaluate the effect of different
thermomechanical histories on the hardening response of the material. In this case, minimum
(green curve), maximum (blue curve) and random (violet curve) TMIs values were used. The
random TMI values are the result of thermomechanical history values (within minimum and
maximum referenced TMIs) calculated from a specific injection moulding condition. As a
result of these tensile tests it can be concluded that the method of taking into account the
thermomechanical history within crash simulations is correctly working.
The next step will be to correlate the properties predicted through the proposed TMI-based
approach with the results from experimental, extending the case-study to a real automotive
component.
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Fig. 3 - Boundary prescribed motion for tensile simulation (left), and comparative results for
different inputs (right).

5. CONCLUDING REMARKS
Injection moulding simulations and finite element analysis have been applied to simulate the
injection moulding process and to improve the crashworthiness of thermoplastic parts under
specific conditions. In this work, a simulation chain is proposed to link moldflow and
structural simulations in order to include the manufacturing process information into the
material model.
The accuracy of the proposed methodology is dependent on several factors: from the
Moldflow mesh model and the selection of processing settings, to the definition of the finite
element model and the physical boundary conditions. The establishment of improved
relationships between the developed microstructure (characterized by the TMI) and the
mechanical response is essential to allow better predictions. The quality of the mathematical
fitting (given by the coefficient of multiple correlation) of the TMI vs. mechanical properties
must be statistically improved for more accurate predictions. This may be accomplished by
redefining the TMI.
TMI are dependent on the injection moulding conditions used in simulation and the
mechanical properties are measured in real injection moulded test components. There is
always an error associated to the mechanical properties measurements and it must be
highlight that differences always exist between moulding simulations and real production.
The combination of these issues influences the accuracy of our predictions.
The simulation chain was successfully implemented. The scale factors were defined for the
hardening (HRD) and elastic region (YM). Another approach may be followed to encompass
a more complex strain-rate dependency of the materials on the mechanical response. This may
improve the accuracy of the predictions. Other kind of tests, simpler tests (e.g. tensile on cut
specimens from complex parts) should be performed in order to test the overall feasibility of
this integrated methodology. We are currently finalizing experimental tests on box specimens
in order to validate the methodology with a real case-study automotive component; these
results will be subsequently reported.
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ABSTRACT
This work analyses the main international realities of Fabrication Laboratories, an
international network of digital laboratories which provide a space with new technologies
tools for digital manufacturing that can be used from individual users, small businesses and
schools. The aim is to understand similarities and differences of skills, technologies used and
customers served among the main European realities (Italy, France, Germany, Holand and
Spain) and the American ones. The results show that each reality has some aspects that differ
it from the others and among those considered, American Fab Labs are the largest and most
developed ones.
Keywords: fabrication laboratories, industry 4.0, digital technologies, additive
manufacturing.
INTRODUCTION
The meaning of the word "manufacture" is historically linked to that of "craftsman"; shops
and large manufacturing industries often have a common past made up of creativity,
inspiration, dedication and manual work. With the gradual adoption of Digital
Manufacturing's own technologies, there is a gradual process of convergence and approach
between the model of creation, design and handicraft production, and the manufacturing
model on a large scale (Pricewaterhouse and Confartigianato Imprese Varese, 2015).
In this context lies the definition of Maker Movement which consists of a growing culture of
hands-on making, creating, designing, and innovating (Dougherty, 2012). A hallmark of the
maker movement is Do-It-Yourself (DIY) mindset that brings together individuals around a
range of activities, including textile craft, robotics, cooking, woodcrafts, electronics, digital
fabrication, mechanical repair, or creation, making nearly anything. Despite its diversity, the
movement is unified by a shared commitment to open exploration, intrinsic interest, and
creative ideas. It’s spreading through online maker communities, physical makerspaces and
Fab Labs, and Maker Faires are popping up all over the world and continually increasing in
size and participation (Dougherty, 2013; Peppler and Bender, 2013).
The aim of this paper is to analyze where DIY comes to life, investigating the reality of
Fablabs, an international network of digital laboratories founded by Massachussetts Institute
of Technology’s professor Neil Gershenfeld. These laboratories work with the typical
mechanisms of the sharing economy: they provide a space with tools and equipment for
digital manufacturing, making them available to individual users, small businesses and
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schools. The investigation tries to understand who are the main customers, with which sector
they operate more, which digital technologies they use most, what kind of services they
deliver to customers and which are their main skills. Through the work it has been tried to
identify the main differences and similarities among the European realities of Fab Labs,
considering only the most important ones (Italy, France, Germany, Spain and England) and
the American ones.
RESULTS AND CONCLUSIONS
The results from the survey conducted among Fab Labs, Table 1, show that the main
technologies used in these laboratories are 3D printers and Laser cutters, followed by control
cards, even if they seem to be less used in the American market.
Table 1 - Use of digital technologies in Fab Labs
France
34,8% (16)

Germany
10,9% (5)

Holland
6,5% (3)

Spain
17,4% (8)

USA
30,4% (14)

ANOVA

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

F

Sig.

3D printer
3D scanner

4,19
2,13

0,655
0,957

4,60
2,40

0,548
1,342

4,67
2,33

0,577
0,577

4,38
2,25

0,916
1,282

4,29
2,50

1,069
1,557

0,379
0,178

0,823
0,948

Laser cutter

4,25

1,000

3,80

1,643

5,00

0,000

3,25a

1,982

4,64b

0,633

2,229

0,083

CNC milling
machines
Vinyl cutter

2,81

1,109

3,40

0,894

2,00

1,000

3,25

1,389

3,43

1,505

1,091

0,374

2,31a

1,196

2,40

1,673

2,33

1,155

2,88

1,642

3,93b

1,269

3,077

0,026

Lathe

1,88

1,088

2,40

1,140

1,33

0,577

1,63

1,408

1,57

1,284

0,600

0,665

Control Cards
(Arduino or similar)

3,75

0,931

3,80

1,414

3,00

1,732

3,50

1,414

2,79

1,369

1,459

0,232

Precision punches for
printed circuits

1,88

0,885

2,40

0,894

1,33

0,577

2,25

1,488

1,71

1,437

0,650

0,630

This study shows that American Fab Labs are bigger in dimension and economic power
compared to the European ones, even if some European realities are reaching good results in
terms of economic importance in their reference market.
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ABSTRACT
The main objective of this work is to present wood-steel-wood (W-S-W) connections in
double-shear with steel dowel fasteners. For each studied connection, different dowel
diameters and external applied tensile loads shall be taken in account. During this study will
be analysed tensile loads (Ed) of 25, 50, 75 and 100 kN, dowels diameters (d) of 10, 12, 14
and 16 mm. The wooden board thickness (t1) was equal to 45, 50, 55 and 60 mm and steel
plate thickness (ts) of 5, 6, 8 and 10 mm. It is intended to obtain the number of dowels per
each W-S-W connection, their arrangement and the general dimensions of the connection. In
the wood plates will be used a glue laminated wood, as yellow birch, with characteristics
equals to GL28H. Using the proposed simplified equations from Eurocode 5, part 1-1, all
analytical results will be obtained at ambient temperature. The comparison of the results will
be achieved using a numerical analysis with the finite element method.
Keywords: W-S-W connection, wood, steel, dowel, double-shear.
INTRODUCTION
There is a wide range of double-shear connections application in heavy timber structures in
building construction. The main objective of the connections is to assemble members and
loads transfer in the structural system, such as multi storey offices, educational buildings,
health buildings, residential buildings and other type of public buildings. Examples include
wood-wood-wood, wood-steel-wood and steel-wood-steel connections with steel bolts or
dowels as fasteners (Lei Peng, 2011).
In connections in double shear (two sides members and one middle member) the main part of
the external load is transferred by contact pressure between the wood sides members and the
dowel fasteners, that are in shear and bending. This type of connections is widely used in
tensile members in construction and industrial engineering.
The design of connections-dowel type according Eurocode 5 (CEN EN1995-1-1, 2004) is
based on theories developed by Johansen. The parameters, which influence the load-carrying
capacity, are the bending capacity of the dowel or yield moment, the embedding strength of
the wood and the withdrawal strength of the dowel (Resch, 2012).
Wood connections have been investigated due their importance in construction and industrial
engineering in terms of strength, ductility and all capacity to improve the structural
performance in service. Recently many numerical approaches using the finite element method
have been carried out to analyse the behaviour of wooden connections, due the possibility to
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assess different parameters in conjunction (Aissa, 2017), (Guan, 2000), (A. Frangi, 2010),
(Maraveas, 2013). Few 3D numerical models have been published; the majority publications
are based on 2D approach (Resch, 2012). Nevertheless, due the complexity of the connection
failure mechanisms, the numerical modelling is very challenging to obtain the exact failure
and behaviour of the wood connection.
In other studies, using bolts as fasteners, it was found that the spacing between the bolts has
the largest influence in connection. In other hand, the number of fasteners, the number of
rows, the bolt slenderness and the loaded end distance are less relevant (Jorissen, 1999).
The main objective of this study was to evaluate the effect of different applied tensile loads,
parallel to grain, and different dowels diameters to guarantee WSW safety connections to be
used by easily designers.
W-S-W CONNECTION AT AMBIENT TEMPERATURE IN ACCORDANCE WITH
EUROCODE 5
Figure 1 represents a typical W-S-W connection under double-shear with the main
dimensions in study (width, height and thickness of the wood plates, minimum spacing and
edge/end distances between the dowels and the wood plate).

Fig. 1 - Typical W-S-W dimensions.

In order to calculate the shape of the connection, the load was considered as parallel to the
grain direction, as well as, the rows of fasteners.
According Eurocode 5 (CEN EN1995-1-1, 2004), the design tensile strength along the grain,
,, , must be equal or higher than the design tensile stress along the grain. The tensile
strength represents a reduced value of the characteristic tensile strength along the wood grain,
due to the application of two safety factors: the modification factor for load duration and
moisture content,  , and the partial factor for material properties, , according equation
1.
,,
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Considering  as the applied load and  the cross-section area of the member, the design
tensile stress along the grain, ,, , is calculated using the equation 2, Eurocode 5 (CEN
EN1995-1-1, 2004).
,,




(2)

Also, using all proposed simplified equations from Eurocode 5 (CEN EN1995-1-1, 2004), and
being a connection with a central steel plate in double shear stress applied to the fasteners, the
characteristic load-carrying capacity per shear plane and per fastener must be calculated using

,

where:











,, 

,, 

!"2 +

4&',
,-,
−
1+
+
4
, (

2,3 /&', ,,

+

 represents the thickness of the wood members;
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(3)

,, is the characteristic embedment strength in timber member;
is the dowel diameter;

&', is the characteristic yield moment of the fastener;

,-, represents the characteristic axial withdrawal capacity of the fastener.

The value of &', is calculated according the dowel diameter and the material strength of the
bolt.
&',

0,3 1,

(,2

(4)

The value of the characteristic embedment strength in timber member, is obtain due to the
value of the dowel diameter and the characteristic wood density, 3 .
,,

0,08251 − 0,01 63

(5)

With the calculation from , , it is possible to obtain the number N of the bolts, according
the design load-carrying fastener capacity calculated , , equations 6 and 7.
,

 ,
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,

7

(7)

At last, the spacing parallel to grain of fastener and within one row, 8 , perpendicular to grain
and between rows, 8( , the distance between fasteners and loaded end, 89, , and unloaded
edge, 8: , ;, vary in order of the dowel diameter.

In this work four variables were considered, the dowel diameter, the steel plate thickness, the
thickness of the wood elements and the applied load.

In order to perform a further comparison with numerical results is necessary to know the
maximum load that a W-S-W connection can support. With this purpose, a new  value must
be calculated using equation 2 and a final designed cross-section area. After obtaining the
new value, this one must be multiplied by the coefficient 1.56, as the applied safety factor
before during the designed methodology.
W-S-W MECHANICAL NUMERICAL MODEL
To simulate the mechanical resistance of the W-S-W connection, a numerical and
computational program based on the finite element method was used. Due the geometry
symmetry, the numerical calculation was performed for a quarter of the W-S-W connection.
The finite element chosen has eight nodes and three degrees of freedom per node,
correspondent to the translations in x, y and z directions.
Two different material properties are considered. For mechanical analysis, the material
strength and elastic properties (isotropic for steel and orthotropic for timber) are the major
determining factors to obtain desired results of the structural capacity.
Four different numerical models were performed due different designed W-S-W connections,
obtained from the previous calculation. Table 1 presents the four connections in study with all
dimensions. Figure 1 represents all connections (a quarter of W-S-W) and the applied mesh.
Table 1 - Specifications of the W-S-W connections.
W-S-W
connection

d(mm)

t1(mm)

Cn

Ln

h(mm)

L(mm)

ts (mm)

A

10

45

6

1

60

390

5

B

10

45

12

1

60

690

5

C

10

45

9

2

90

540

5

D

10

45

12

2

90

690

5

In this type of W-S-W connection, many contacts occur between surfaces (dowels, wood and
steel plates interactions). Contact elements and algorithms are needed to predict the friction
forces between the wood-steel elements and the dowels. The numerical program introduces
these contact through the contact and interaction properties, with pairs of surfaces known as
‘’contact pairs’’, generated automatically. In this study a friction coefficient equal to 0,3 was
used, based on the friction Coulomb’s law.
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In the numerical analysis, an incremental and linear tensile load (pressure) was implemented
in the lateral right edge. All symmetry boundary conditions were introduced in the quarter
model representation. The numerical program conducts an analysis in steps and applies the
load in increments in order to obtain a converged solution. This concept of time increments
and the proportional applied load was used to estimate the load to cause ultimate failure or
damage in the W-S-W connection. The ultimate capacity of the connection leads to a failure
mode, as maximum stresses reached in the W-S-W in the parallel direction to wood grain.
According the obtained numerical results, the estimation of the ultimate capacity from the
structural W-S-W model will be calculated and compared with the ultimate load capacity
recorded from the designed analytical solution.

A

B

C

D

Fig. 2 - Four W-S-W connections and applied mesh.

RESULTS AND DISCUSSION
In this work the results presented were conducted according the Eurocode 5 (CEN EN1995-11, 2004). A worksheet considering all parameters was developed, which permits verify the
load-carrying capacity of the connection, the cross-section, the number of fasteners and the
minimum spacing in edges, per each situation in study. The results are presented in different
tables, according to the parameters combination. Table 2 represents a part of the study. The
results show a proportional relationship between the increased applied tensile load and the
design dimensions for wooden elements, as the increased number of fasteners. The developed
spreadsheet appears as an easy tool adequate for W-S-W design connections at ambient
temperature.
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As a conclusion, the steel plate thickness as no relevant influence in the load capacity of the
connection. In other hand, a higher thickness of the wood elements produces a higher
resistance of the connection to an applied load, as well as the dowel diameter.
The applied load consists only in an easier way to understand the size of the connection.
Therefore, is pertinent to affirm that two of the variables does not influence in the total load
the connection can support without failure. The maximum load the connection A and B can
support is 111,150 kN and for connection C and D is 166,725 kN. Both A and B connections
have the same maximum load because both have the same cross section area. The same is
applied for connection C and D. In finite element analyses the connection D has a minor
relative error (compared to the Eurocode 5) equal to 3,20% and a maximum error of 4,87% in
connection C. For this case, the result obtained are present in Table 3.

Table 2 - W-S-W design connections at ambient temperature.
Applied
tensile load,
Ed kN

t1
mm

Dowel
diameter,
d mm

Fv,Rk
kN

Fv,Rd
kN

N, Dowels
number
(symmetry, S)

Spacing in edges mm
a1

a2

a3,t

25

45

10

7,1

4,5

1x6

50

30

25

50

10

7,6

4,8

1x6

50

25

55

10

8,1

5,2

1x5

25

60

10

8,6

5,5

a4,c

Height,
h mm

Width,
L mm

70

30

60

390

30

70

30

60

390

50

30

70

30

60

340

1x5

50

30

70

30

60

340

(…)
100

45

16

13,1

8,4

3x4

80

48

112

48

192

464

100

50

16

13,7

8,7

3x4

80

48

112

48

192

464

100

55

16

14,2

9,1

3x4

80

48

112

48

192

464

100

60

16

14,9

9,5

2x6

80

48

112

48

144

624

Fv,Rk=characteristic load-carrying capacity per shear plane per fastener; Fv,Rd= Design load-carrying capacity per shear plane per fastener.

Table 3 - Numerical results.
Connection

Final Analytical Result kN

Numerical Result kN

Relative Error

A

111,150

107,210

3,72%

B

111,150

116,063

4,42%

C

166,725

174,840

4,87%

D

166,725

172,060

3,20%

Figure 3 presents the shear stress in wood elements and steel plate with dowels. In the wood
elements, the maximum and the minimum shear stress appear on the dowels holes. In the steel
plate, the maximum and minimum stress values were also obtained around the dowels holes.
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Connection A

-3,75

3,80
-51,91
Connection B

58,14

-5,38

4,76
-79,67
Connection C

78,45

-6,04

4,75
-84,94
Connection D

83,39

-5,78

6,05

84,78

-80,17

Fig. 3 - On the left, shear stress on wood element. On the right, shear stress on steel plate and dowels, MPa.
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CONCLUSIONS
This work present different methodologies applied to the design of a typical W-S-W
connection used in building construction. A procedure with all analytical and simplified
equations were presented to assess the cross-section and all dimensions for an applied tensile
load. In addition, a numerical program using the finite element method was implemented to
produce different simulations focused on mechanical analysis, in order to obtain the
maximum critical load and to determine the maximum load capacity of each fastener. The
comparison of results showed a good agreement with the analytical calculations from
standards. These numerical simulations are very relevant; the models can be used for
verification in other type of W-S-W connections.
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ABSTRACT
This work aims to design wood-wood-wood (W-W-W) connections in double-shear, joined
by steel dowel pins. Joints with dowels are used in timber construction to transmit high loads.
Dowels are economical and easy to produce. The parameters which influence the loadcarrying capacity of joints with dowels are: the bending capacity of the dowel (yield
moment), the timber embedding strength and the withdrawal strength of the dowel. All
calculations presented in this work will be conducted according European standards, namely
using the Eurocode 5, part 1-1. This work proposes the determination of the cross-section,
number of fasteners and the minimum spacing in edges per each situation in study, using
homogeneous glued laminated (glulam) in birch timber materials. The comparison between
the multiple outcomes intends to promote the best solution for a particular application.
Keywords: W-W-W connection, wood, steel, dowel, double-shear.
INTRODUCTION
Wood connections have been investigated due their significance in construction and industrial
engineering in terms of strength, ductility and all capacity to improve the structural
performance in service. In heavy timber structures, double-shear connections, including
wood-wood-wood (W-W-W) connections with steel fasteners, are widely used to assembly
structural members and transfer loads (Peng, 2011).
The concept of the W-W-W connection is four wood plates joined by steel dowel, with
different diameters in each setting. The model will be designed depending on external tensile
load in direction parallel to grain (Aissa, 2017), (Abderrahim, 2017).
In this work, a developed spreadsheet illustrates the design of W-W-W connections according
standards (CEN, EN1995-1-1) (DIN 6325, EN ISO 8734), considering a homogeneous glued
laminated in birch timber, and steel dowels as fasteners. Therefore, the database is elaborated
with different variables and parameters, to improve design solutions, and to intent a
comparison between all chosen variables. In the developed spreadsheet, different applied
loads and dowel diameters will be used, which demonstrate the correlated results for design a
safety double-shear W-W-W connection at ambient temperature.
The motivation of this work is to design a connection with resistance to double-shear with
safety and appropriate dimensions to transfer the imposed loads in the structural member.
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Using different glulam strength classes, the mechanical resistance effect in the W-W-W
connection will be discussed. Recently many numerical approaches using the finite element
method have been carried out to analyse the behaviour of wooden connections, due the
possibility to assess different parameters in conjunction (Aissa, 2017). Few 3D numerical
models have been published, the majority publications are based on 2D approach (Eckart
Resch, 2012).
W-W-W CONNECTION AT AMBIENT TEMPERATURE IN ACCORDANCE WITH
EUROCODE 5
Figure 1 represents a typical W-W-W connection under double-shear with the main
dimensions (width, height and thickness of the wood plates, minimum spacing and edge/end
distances between the dowels and the wood plate).
L

L
a3,t

a1

a1

a1

a1

a3,t

a3,t

a1

a1

a1

a1

a3,t

a4,c

t1

a2
a2

t2

h

a2
t1

a4,c

Ød x Nº

Ød

Fig. 1 - Typical W-W-W dimensions.

In order to calculate the shape of the connection, the load was considered as parallel to the
grain direction, as well as, the rows of fasteners.
According Eurocode 5 (CEN EN1995-1-1, 2004), the design tensile strength along the grain,
,, , must be equal or higher than the design tensile stress along the grain. The tensile
strength represents a reduced value of the characteristic tensile strength along the wood grain,
due to the application of two safety factors: the modification factor for load duration and
moisture content (for short-term equal to 0,9),  , and the partial factor for material,
,
according equation 1.
,,



,,

(1)

Considering  as the applied load and  the cross-section area of the member, the design
tensile stress along the grain, ,, , is calculated using the equation 2, Eurocode 5 (CEN
EN1995-1-1, 2004).
,,
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Using all proposed simplified equations from Eurocode 5 (CEN EN1995-1-1, 2004) for
fasteners in double-shear, the characteristic load-carrying capacity per shear plane and per
fastener must be calculated using the equation 3.

,

where:

,, 

0,5,(, (



4β52 + β6&',
,, 
,-,
!"2β51 + β6 +
− =+ +
(
 1,05 2 + =
4
,, 


2=
,-,


1,15"
/2&', ,, +
1+=
4


(3)

 represents the thickness of the wood members;

,?, is the characteristic embedment strength in timber member;
is the dowel diameter;

&', is the characteristic yield moment of the fastener;
β the ratio between strength of the members;

,-, represents the characteristic axial withdrawal capacity of the fastener.

The value of &', is calculated according the dowel diameter and the bolt material strength
1, 400&@8, steel S275.
&',

0,3 1,

(,2

(4)

The value of the characteristic embedment strength in timber member, is obtain due to the
value of the dowel diameter and the characteristic wood density, 3 .
,,

0,08251 − 0,01 63

(5)

With the calculation from , , it is possible to obtain the number N of the bolts, according
the design load-carrying fastener capacity calculated , , equations 6 and 7.
,

 ,
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7


,

(7)

The space parallel to grain of fastener and within one row, 8 , perpendicular to grain and
between rows, 8( , the distance between fasteners and loaded end, 89, , and unloaded edge,
8: , ;, vary in order of the dowel diameter.
W-W-W DESIGNED CONNECTIONS: A DEVELOPED SPREADSHEET
In this work different variables were considered, the dowel diameter (8, 10, 12, 14 and
16mm), the thickness of the wood elements, the material properties and the applied load. The
W-W-W designed connection at ambient temperature guarantees the applied load design at
300kN, 200kN, 100kN, 75kN and 30kN.
Different glued laminated timber (glulam) materials were considered for the W-W-W
designed connections.
Glulam is manufactured by bonding together individual laminations of solid timber, in
rectangular cross-sections and very adaptable in design. (CEN, BS EN 1194, 1999) lists eight
glulam strength classes, Table 1.
Table 1 - Grades glulam.
Homogeneous Glued Laminated GL24h
Homogeneous Glued Laminated GL28h
Homogeneous Glued Laminated GL32h
Homogeneous Glue Laminated GL36h

Timber types, (CEN, BS EN 1194, 1999)
http://imowood.pt/madeira-lamelada/caracteristicas

Combined Glue Laminated GL24c
Combined Glue Laminated GL28c
Combined Glue Laminated GL32c
Combined Glue Laminated GL36c

To distinguish them from the solid timber categories, they are designated by GLxh as
homogeneous lay-up, meaning that all of the laminations are of the same strength class, or
GLxc as combined, where the outer laminations are of a higher strength class.
Table 2 presents all different mechanical properties for each wood glulam grade (all strength
and stiffness values).
A spreadsheet was developed, with all applied loads and dowel diameters for the eight glulam
strength classes. The results are presented in different tables, according to the parameters
combination. Table 3 represents a part of the study and demonstrate some of the correlated
results for design a safety double-shear W-W-W connection with GL24h wood glulam.
The results permit to verify the number N of fasteners, the obtained characteristic loadcarrying capacity per shear plane and per fastener Fv,R,k, and the design load-carrying
fastener capacity Fv,R,d.
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Table 2 - Wood material properties, strength classes.
Material Properties
http://imowood.pt/madeiralamelada/caracteristicas
Parameter

Wood Glulam, Grade

Designation

GL24h

GL28h

GL32h

GL36h

GL24c

GL28c

GL32c

GL36c

Bending strength, MPa

fm,k

24

28

32

36

24

28

32

36

Tension parallel to the fibers, MPa
Tension perpendicular to the fibers,
MPa

ft,0,k

16,5

19,5

22,5

26

14

16,5

19,5

22,5

ft,90,k

0,4

0,45

0,5

0,6

0,35

0,4

0,45

0,5

Compression parallel to the fibers, MPa

fc,0,k

24

26,5

29

31

21

24

26,5

29

fc,90,k

2,7

3,0

3,3

3,6

2,4

2,7

3,0

3,3

E0,mean

11600

12600

13700

14700

11600

12600

13700

14700

E90,mean

390

420

460

490

320

390

420

460

Gmean

720

780

850

910

590

720

780

850

ρt

380

410

430

450

350

380

410

430

Compression perpendicular to the
fibers, MPa
Modulus of elasticity parallel to the
fibers, MPa
Modulus of elasticity perpendicular to
the fibers, MPa
Shear modulus perpendicular to the
fibers, MPa
Density, kg/m^3

Table 3 - Designed double-shear W-W-W connections, different dowels diameters and applied loads, GL24h.
Applied
Load

Diameter

Strengt
h

Minimum
Crosssection

Ed

d

ft,0,d

As

t2
2

t1

Embedment
strength

My,Rk

fh,0,k

Fv,R,k

Fv,R,d

mm

kN.m

MPa

N

N

Crosssection

h

2

mm

Characteristic
load-carrying
capacity

Yield
moment

Choose dimensions

N
dowel
s
Nº

kN

mm

MPa

mm

300

8

11,9

25253

16
0

80

29
5

94400

26743,3

28,67

4028

2900

103

200

8

11,9

16835

14
0

70

26
0

72800

26743,3

28,67

4028

2900

69

100

8

11,9

8418

10
0

50

19
0

38000

26743,3

28,67

4028

2900

34

75

8

11,9

6313

80

40

15
5

24800

26743,3

28,67

3878

2792

27

30

8

11,9

2525

50

25

12
0

12000

26743,3

28,67

3006

2164

14

300

12

11,9

25253

18
0

90

33
0

118800

76745,4

27,42

8172,78

5884

51

200

12

11,9

16835

15
0

75

28
0

84000

76745,4

27,42

8172,78

5884

34

100

12

11,9

8418

10
0

50

23
0

46000

76745,4

27,42

7270,72

5235

19

75

12

11,9

6313

10
0

50

18
0

36000

76745,4

27,42

7270,72

5235

14

30

12

11,9

2525

80

40

13
0

20800

76745,4

27,42

6439,05

4636

6

300

16

11,9

25253

20
0

100

36
0

144000

162141,1

26,17

13401,6

9649,2

31

200

16

11,9

16835

17
0

85

29
5

100300

162141,1

26,17

13401,6

9649,2

21

100

16

11,9

8418

14
0

70

23
0

64400

162141,1

26,17

12563,3

9045,6

11

75

16

11,9

6313

11
0

55

23
0

50600

162141,1

26,17

10906,2

7852,5

10

30

16

11,9

2525

80

40

16
5

26400

162141,1

26,17

9542,1

6870,3

4
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All different mechanical properties for the other wood glulam grades were obtained using
different spreadsheets. W-W-W designed connection with higher wood material strength
(GL36h and GL36c) permits to decrease the cross-section dimension for the same applied
load.
Figure 2 represents the behavior between the chosen material strength class and the
dimensions for the W-W-W connection. There is a linear correlation between the applied load
and the necessary W-W-W dimensions, with a higher increase for lesser strength material.

30
GL24h

Cross-section ×103 [mm2]

25

GL28h
20

GL32h
GL36h

15

GL24c
10
GL28c
GL32c

5

GL36c
0
30

60

90

120

150
180
Load [kN]

210

240

270

300

Fig. 2 - Results of the applied load and the obtained cross-section for different wood glulam grades.

Figure 3 and Figure 4 represent the results of the applied load, function of the obtained
number of fasteners, for different glulam grades (GLxh and GLxc) according different dowels
diameters.
The number of fasteners increase linearly, and with high number for dowels for small
diameters. For the minimum spacing and edge/end distances, the variation depends on the
loading direction and the dowels diameter obtained during the W-W-W calculations.
For different material strength class there is, in general, a linear correlation between the
applied load and the necessary number of fasteners, with a higher increase for lesser strength
material.
A little difference is verified between the use of the glulam grades (GLxh or GLxc). Higher
material strength reduces lightly the number of the dowels. The most pronounced observation
is the relation with the dowel diameter and the number of fasteners. For a diameter equal to 8
mm the number of dowels increases widely when compared with dowels diameter equal 16
mm. The relation also increases when the applied load is higher. Table 4 resumes all the
observations relatively to the number of fasteners in W-W-W connections according, dowels
diameters, applied load and the used glulam grade.

-1354-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

Table 4 - Number of fasteners, function of dowel diameter, applied load and glulam grade.
NUMBER OF FASTENERS, N
d, mm

8

10

12

14

16

TIMBER
Ed, kN
300
200
100
75
30

GL24h

GL28h

GL32h

GL36h

GL24c

GL28c

GL32c

GL36c

103
69
34
27
14

100
66
33
25
13

97
65
32
24
13

95
63
32
24
12

108
72
36
29
15

103
69
34
27
14

100
66
33
25
13

97
65
32
24
13

70
47
23
17
9
51
34
19
14
6
39
26
14
12
6
31
21
11
10
4

67
45
22
17
8
49
33
16
13
6
38
25
13
10
5
30
20
12
9
4

66
44
22
17
8
48
32
17
13
7
37
24
13
11
5
29
20
12
9
4

64
43
22
17
8
47
31
17
12
6
36
24
12
11
5
29
19
11
8
4

73
49
24
20
9
53
35
18
15
7
41
27
15
11
6
32
22
12
10
5

70
47
23
17
9
51
34
19
14
7
39
26
14
12
6
31
21
11
10
4
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Fig. 3 - Results of the applied load and the obtained number of fasteners for different
glulam grades GLxh and dowels diameters.

CONCLUSIONS
A procedure with all analytical and simplified equations was presented to assess a safety
cross-section due an applied tensile load in W-W-W connections. The results presented were
conducted according the Eurocode 5 (CEN EN1995-1-1, 2004). A worksheet considering all
parameters was developed, which permits verify the load-carrying capacity of the connection,
the cross-section, the number of fasteners, the minimum spacing in edges, per each situation
in study. A developed spreadsheet could promote adequate dimensions for any W-W-W
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connection to be used. The number of fasteners increases linearly, and with high number for
dowels for small diameters. For the minimum spacing and edge/end distances, the variation
depends on the loading direction and the dowels diameter. For different material strength
classes there is, in general, a linear correlation between the applied load and the necessary
number of fasteners, with a higher increase for lesser strength material.
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Fig. 4 - Results of the applied load and the obtained number of fasteners for different
glulam grades GLxc and dowels diameters.
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ABSTRACT
In a joined project of TU Berlin and Fraunhofer IPK the initial steps towards a self-optimizing
production process have been taken. Data from multiple sensors within the production process
are being analyzed to produce an assessment of product quality. With every new input,
knowledge about product quality is being generated, as well as archived and applied to
optimize future decision-making processes. This results in a self-learning, constantly evolving
system.
Keywords: self-optimization, self-learning, industry 4.0, machine learning technologies.
INTRODUCTION
Quality, time and money are essential factors to ensure the competitiveness of businesses. In
order to maintain the top position of German industry among the industrialized countries, a
work group being instituted by the German government announced the fourth industrial
revolution in 2013 (Adolph, 2015). The aim is to increase the rate of innovation, therefore
enhancing the development of new processes, technologies and business models. Today,
Industry 4.0 is one of the decisive drivers of numerous developments in Germany and beyond
(Bauernhansel, 2014), (Roth, 2016).
With the digitalization and networking of production systems, the amount of data available
for quality assurance and quality management increased immensely. Assistance systems offer
the possibility of intuitive and efficient control of production processes through acquiring,
analyzing and evaluating data in real time. In the long term, a fully networked processes chain
together with an integrated management system will optimize production machines in real
time (Kiem, 2016).
Accordingly, an assistance system named QS-Services has been developed to support the user
in understanding process data. Following the Define-Measure-Analyze-Improve-Control
Methodology (Jochem, 2015), the application guides the user through the individual steps. By
asking more and more specific question, the user interactively characterizes a problem in the
define phase. Adding additional parameters, such as tolerance limits have a positive influence
on the algorithms and enable more specific recommendations.
RESULTS AND CONCLUSION
It is to be emphasized, that the results of the implementation of measures in QS-Services are
documented and stored for further usage, forming the control phase. Therefore, a control loop
is implemented, that enables the system to learn continuously and thus derive targeted
preventive measures even more precisely.
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QS-Services provides a framework to identify causes and derive measures in a transparent
way, even without in-depth knowledge in the field of statistical data evaluation. In particular,
the analysis of data correlations with regard to product quality is a major challenge. To be
able to make statements about the product quality, laboratory tests have been conducted and
methods developed in order to derive statements about interaction of process parameters. QSServices differentiates between the analysis of individual parameters and parameters in
correlation to find solutions within increasingly complex production environments.
Due to the findings of QS-Services, it is possibly to intervene directly in the production
process. Complaint and error management costs are lowered, and organisations are enabled to
further increase their competitiveness through introducing targeted preventive measures to
eliminate errors. The assistance system describes a first step towards predictive quality
(Hagerty, 2016).
In a sample implementation the assistance system has been integrated in an Industry 4.0
production environment. The Quality Science Lab (Seiffert, 2016) is a production system
consisting of independent cyber-physical units. As key technology in Industry 4.0 an off-theshelf 3D-printer has been equipped with additional sensors and data processing units. Prints
of low quality are identified and process parameters are analyzed with the help of QSServices. Further implementations with industry partners are in preparation.
Presently QS-Services focuses on statistical methods, in next steps machine learning
technologies will be implemented. Comparison of this classical and modern approaches will
lead to insights about applying data science techniques like cluster analysis and neuronal
networks in a production environment. Based on the current research, QS-Services provides a
framework to be further developed and to encompass ever more complex scenarios. With the
implementation of further technologies and their continuous improvement, the reliable
prediction of product quality is possible.
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ABSTRACT
For an organization that has physical assets oriented to manufacturing and production, all
maintenance plans and actions to be considered as a consequence of the occurrence of certain
failure events will be linked to the safety standards and protocols established for each sector
in the organization to attend such events. These rules can sometimes be inflexible, somewhat
rigid in the identification and classification of fault events and the mitigation procedures of
the possible consequences caused by the failures. In response to this concern, a modification
of a risk identification system is proposed in the safety of industrial equipment, using fuzzy
logic as a method to achieve transitions between the limits of the classifications of the events
that occur in a system and to refine the risk classification, this is done in order to establish
priorities in the application of palliative or preventive measures, understanding the limitations
of resources, but without neglecting the attention to risk through the respective maintenance
actions. In the present article a way of combining the strength of focus of the diffuse logic
with the decisions on the action plans carried out in maintenance is achieved, starting from
having made a classification, which is based on a matrix methodology of qualification, it is
shown the results taking as an example a group of 54 crude pumps whose operation has been
registered in hours of operation between failures, and decisions must be taken on their
maintenance.
Keywords: Maintenance, plans, risk, fuzzy logic, decisions, matrix.
INTRODUCTION
Over the years, industrial processes and systems have become more complicated and complex
with great challenges to meet the modern demand for very diverse and complex products. If
you increase the number of parts and components of the system that makes the production,
there will be a greater probability of failure. In these cases, the maintenance plans must be
specified to achieve as much as possible an uninterrupted operation, trying to have the least
amount of interruptions and ensure that they last the shortest period of time.
One step in deciding what action to take is to record each and every one of the failed events
and their successful solution to be a practical guide of support in future events, but when the
system becomes too complex and increasingly important, for continue to do its function, there
are more disadvantages than advantages with traditional planning, not only because of the
large number of possible events and solutions, but because of the time to discover the specific
failure and identify the best solution.

-1359-

Symp-15: Quality and Process Management. Theory, Applications and Case Studies

An alternative to the previous statement is using fuzzy logic decision making criticality
theory, to predict failure scenarios by monitoring the working state, days since the last
maintenance, revision frequency, and how critical is the object analyzed to the process in
order to suggest not only the more suitable action but also to decide those events that are more
relevant
In this paper is described the methodology in which the decisions are made and the results of
not only the action plan to be taken but how important is the immediate implementation of
such plans.
ORIGINAL METHODOLOGY (A REVIEW)
To explain more about the methodology proposed in this paper, first it is worth to review the
Ciliberti’s methodology for determining the criticality of a system. It consists on setting two
parameters: Hazard Criticality Rating (HCR) and Process Criticality Rating (PCR).
The first parameter refers to the operation variables involved in a specific process such as
temperature, pressure, rotational speed or any other measurable variable. Those variables are
classified in ranges according to their respective values.
The second parameter has to be with how important is the equipment, or sub process, to the
entire process. This variable cannot be measurable but defined in accordance with an expert
knowledge in the area; it is also classified into five groups.
All those variables defined before, are combined into a table in order to get an indicator called
Process and Hazard Criticality Rating (PHCR). This table gives a classification for the
equipment or sub process inside a larger process. Table 1 shows the PHCR table originally
proposed.
Table 1 - PHCR from the original methodology
Process and Hazard Criticality (PHCR)
HCR
PCR
4

3

2

1

0

4

A44

A34

A24

A14

A04

3

A43

B33

B23

B13

B03

2

A42

B32

C22

C12

C02

1

A41

B31

C21

D11

D01

0

A40

B30

C20

D10

D00

Where the character designates the category, the first number value designates the Hazard
Criticality Rating and the second number designates the Process Criticality.
After the PHCR is determined, the methodology proposes that a new value should be
determined in order to establish the called Criticality and Reliability Index (CRI), in order to
do a classification of the sub process or equipment and establish comparisons between them.
In Table 2 is showing the proposed classification of the CRI for rotating equipment.
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Table 2 - Criticality and Reliability Index from the original methodology
CRI Values for rotating equipment
Mean Time Between Failure
PHCR
0-6

6 - 12

12 - 24

> 24

A

a4

a3

a2

a1

B

a3

b3

b2

b1

C

a2

b2

c2

c1

D

a1

b1

c1

d1

Where the Mean Time between Failures could be any time measurement, including days,
weeks, months, etc.
With the equipment classification done, the methodology proposes an inspection interval with
an action list, to prevent possible failures. Table 3 shows the proposed inspection interval for
rotating equipments.
Table 3 - Inspection Interval from the original methodology
Inspection Intervals
Frequency (days)
CRI
a3,a4
a1,a2

7

30

V

L

90

V

180

360

L

b1,b3

V

c2,d1

L
V

V = vibration monitoring
L = lubrication monitoring

All of the values determined in this methodology are fixed quantities, which is correct to
begin to understand the relevance of equipment in the whole process and to start to determine
actions to be taken in case of an event occurrence. All of this with the main goal of saving
time and resources by maximizing the operating time and the safety of the entire process but,
the main problem is that when there are big numbers of similar equipments, working on
similar conditions and with similar associated risks, this method tends to classify all of them
in the same category.
METHODOLOGY - PROPOSED IN PREVIOUS WORK
In previous work a modification was proposed, based on fuzzy logic, to calculate a more
accurate value to perform the classification of a set of oil pumps working under similar
conditions, but with different Mean Time Between Failure values. This gave as a result, a
better classification of the Criticality and Reliability Index in order to know which of the
pumps represented the most critical factor in the entire process.
Below, in Table , are presented some values calculated, according to the previous work
methodology, for the CRI calculated for 12 pumps working at similar conditions.
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Table 4 - CRI values calculated in the previous work
Pump id.

CRI

Pump id.

CRI

Pump id.

CRI

1

7,272554

5

6,116590

9

3,544662

2

7,272554

6

4,411878

10

3,268606

3

6,286704

7

4,411878

11

1,546760

4

6,231221

8

4,411878

12

1,546760

METHODOLOGY PROPOSED
The objective of this paper is to give a specific action, based on a fuzzy logic decision making
system, to a particular set of working conditions to similar equipments or parts of an entire
process, avoiding to get the exactly same action to different situations or, in the worst scenario
in which the action is the same, to assign a priority to an equipment or process. To achieve
this, two input values are proposed, the first is the CRI value previously calculated, and the
second one is the time period between the current time and the last time an action was
performed. Those inputs have to be converted into fuzzy values to be processed.
The first input is defined in the range from 0 to 10, and the same membership functions from
the previous methodology are assigned, so no information is lost during the calculations.
The second input consists on the time period between the performance of any actions for each
equipment or process. For simulation purposes, this input variable is defined in a range of
days 0 days and 360 days, assigning five membership functions to cover all this range.
An output variable is also defined as a fuzzy value but, in difference with the original
methodology which only has two possible actions, we are defining a list of 8 different actions.
This is done to take advantage out of the fuzzy system by covering an output range value
from 0 to 9. Then, in Table 5 is presented a list of actions proposed for this paper.
Table 5 - Proposed action list
Action
N
½V
½V ½ L
V

Definition

Action

Definition

Do nothing

V ½L

Normal vibration inspection and rough
lubrication inspection

Rough vibration inspection

V! L

Urgent vibration inspection and normal
lubrication inspection

Rough vibration inspection and rough
lubrication inspection

L!

Urgent lubrication inspection

Normal vibration inspection

F

Imminent failure

The last definition needed in order to the fuzzy logic system could be completed are the rule
system. For the proposed methodology a set of 50 rules are defined to combine all the inputs
membership functions to cover all the possibilities. In Table 6 is presented the combination of
the inputs and outputs.
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Table 6 - Combination of the inputs and the output to obtain the rule system

CRI value from the previous calculations

Time between inspections
7

30

90

180

360

a4

V

V! L

L!

F

F

a3

V

V! L

L!

F

F

a2

½V

V ½L

V! L

L!

F

a1

½V

V ½L

V! L

L!

F

b3

N

½V

V ½L

V! L

L!

b2

N

½V

V ½L

V! L

L!

b1

N

½V

V ½L

V! L

L!

c2

N

N

N

½V ½ L

V

c1

N

N

N

½V ½ L

V

d1

N

N

N

½V ½ L

V

RESULTS AND CONCLUSIONS
The proposed decision making system is defined using trapezoidal membership functions;
these allows more degrees of freedom when they are been defined to obtain a large number of
configurations, to choose the best that fits the particular system needs. Below, in Figure 1, is
presented the first input for the proposed methodology.

Fig. 1 - First input membership functions.

The second input for the decision making methodology, is presented below in Figure 2. These
membership functions are chosen trapezoidal in order to get as many configurations as
needed.
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Fig. 2 - Second input membership functions.

The output membership functions are shown in the Figure 3, also presenting trapezoidal
membership functions.

Fig. 3 - Output membership functions

To demonstrate the final output of the decision making system, a series of three examples are
tested. They consists in three pumps with different CRI values, see Table 7, which are going
to be the first input of the system; and the second input is going to be the whole frequency
range (days from 0 to 360). This will allow knowing the degree of importance for all the
possible scenarios for each pump at each frequency.
Table 7 - CRI values for the pumps tested
Pump identification number

CRI

1

7.272554

2

4.411878

3

1.546760
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The result of analyse those pumps using the proposed system, is presented in Figure 4, where
can be seen the change of importance of a maintenance plan according to the frequency of the
last action taken for each pump.

Fig. 4 - Results of the three pumps analysed

The result of the simulation for a particular frequency of maintenance of 180 days can be seen
in Table 8 for the three pumps analyzed with the maintenance action to be performed
according to the system designed.
Table 8 - Action list and priority for the three pumps at the same frequency
Pump identification number

CRI

Output value

Action

1

7.272554

6.9995

Urgent lubrication

2

4.411878

5.9992

Urgent vibration check and lubrication

3

1.546760

3.0003

Less important vibration and less
important lubrication check

Achieving criticality and using fuzzy to the process allows better attention in generating
maintenance plans.
Achieving a hierarchy of actions through criticality criteria will favor the replacement of the
affected function, doing so in times that will allow greater operational availability and a
reduction in risks as a result of unexpected stops.
The priority established trough the maintenance plans, will allow focus on the items with less
reliability, this kind of action help to reduce risk.
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ABSTRACT
This paper discusses the compliance requirements that Oil & Gas Operators must adhere to
under the UK Offshore Installations’ Safety Case Regulations 2015 (SCR 2015) that came
into force on the 19th of July 2015 - with an aim to decrease the major accident hazards
(MAHs) linked with the oil and gas offshore exploration and production activities. The
emphasis will be on the analysis of MAHs data, learning from past and present undesirable
events, and sharing the lessons learned as partial compliance with the SCR 2015.
Keywords: major accident hazards, safety case, license to operate.
INTRODUCTION
Oil and gas exploration and production (EP) operations are hazardous; they cause air
pollution due to the emission of toxic substances, marine pollution from massive oil spills,
and release of dangerous gases and liquids with potential to cause fires and explosions.
Impacts of these catastrophic events are not limited to workers’ injuries and fatalities, capital
assets and revenue losses, damage to the environment and harm to organization’s reputation
on an internal level only. Rather, in many cases, the global and surrounding communities had
paid the more significant price when oil and gas EP operations went wrong.
Examples of catastrophic events that resulted in high fatalities include Piper Alpha accident
that killed 167 workers off the coast of Aberdeen (1988), and Texas City Refinery explosion
that killed 15 workers and injured at least 180 others (2005). Impacts on global and local
communities include a substantial contribution to global warming through emissions from
combustion of carbon dioxide (CO2), environmental pollution from massive oil spills - such
as Exxon Valdez oil spill in Alaska (1989) and BP Deepwater Horizon in the Gulf of Mexico
(2010).
MAJOR ACCIDENT HAZARDS ANALYSIS
The UK Health and Safety Executive (HSE) (2015) defines a MAH as:
(a) An event involving a fire, explosion, loss of well control or the release of a dangerous
substance causing, or with a significant potential to cause, death or serious personal
injury to persons on the installation or engaged in an activity on or in connection with it;
(b) An event involving major damage to the structure of the installation or plant affixed to it
or any loss in the stability of the installation causing, or with a significant potential to
cause, death or serious personal injury to persons on the installation or engaged in an
activity on or in connection with it;
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(c) Failure of life support systems for diving operations in connection with the installation,
the detachment of a diving bell used for such operations or the trapping of a diver in a
diving bell or other subsea chamber used for such operations;
(d) Any other event arising from an activity involving death or serious personal injury to five
or more persons on the installation or engaged in an activity on or in connection with it;
(e) Any major environmental incident resulting from any event referred to in paragraph (a),
(b) or (d). (p. 18).
We have studied the databases available from the electronic Major Accident Reporting
System (eMARS), which is the official network for submitting accident reports to the
European Commission (2016). Our research goals were to define the existing MAHs
databases, evaluate the current reporting mechanisms against the requirements stipulated in
the SCR 2015, search for possible gaps and recommend associated gap-closure strategies.
RESULTS AND CONCLUSIONS
Our analysis of the MAHs statistics matches the conclusions in the report published by the
European Commission’s Joint Research Center (2012). In addition, we have concluded that:
- There is a need for tactical guidelines to “how-to” satisfy the SCR 2015;
- In some cultural contexts, information sensitivity hindered transparent MAHs reporting,
incident investigation, and lessons-learned communication mechanisms;
- The adoption of programs that focus on risk prevention and mitigation is confronted by
the beliefs that these programs are a duplication of the classical maintenance and
inspection programs, which are existing and sufficient for the management of equipment
reliability and productivity as well as safety of operation;
- Self-regulatory and state-owned organizations are demanded to prove commitment to
CSR by sharing their MAHs data, relating analysis and lessons learned;
- Utilizing computer-aided systems for establishing a systematic approach to MAHs’
reporting, analysis, and lessons-learned dissemination is becoming an essential need;
- Utilizing the existing risk registers, incident investigation databases and safety
performance reporting tools for the creation of the proposed MAHs database could help
reduce resistance to using this MAHs database as a tool for knowledge sharing, learning
from previous catastrophic events and consequent prevention of future similar
occurrences.
The full-paper corresponding to this abstract will provide guidelines to assist in creating
MAHs database and Risk Register as two integral tools for the management of MAHs in oil
and gas operations.
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ABSTRACT
The following paper illustrates the conception of an Excel-based software tool developed to
predict human error probabilities in manual assembly lines. In this regard, the paper clearifies
how reliable risk analyses of manual work tasks can be carried out with the help of a software
tool. Furthermore, to initiate a high user-friendliness, a high acceptance and a high level of
dissemination, this paper deals with a Kano survey concerning customer requirements on the
developed software tool. As a result, it will be examined how customer requirements on a
software tool for the automated evaluation of human errors in manual assembly can be
subdivided into basic requirements, performance requirements and enthusiasm requirements.
The paper concludes with an approach to widen Kano`s theory by suggesting a quantitative
method to find out the weighted significance of costumers’ requirements.
Keywords: manual assembly operations, human error probability, software-based evaluation,
customer requirements, customer satisfaction, Kano`s theory.
INTRODUCTION
Manual assembly operations are the endmost place of the production process and represent a
melting pot for organizational, time-related, and qualitative errors of manufacturing. The
quality standard of manual assembly operations resulting of this business matter is
considerably influenced by employee qualification, by the exclusion of error-privileged
situations, and by the complexity of the assembly task. Currently, there is a trend for
manufacturers to increase the number of variants with a simultaneous reduction of product
life time to assert their market position against the growing competition on the world market
(Hu, 2011). In spite of the progressing automation of manufacturing processes, a considerable
proportion of the arising assembly tasks are still carried out by humans (Krüger, 2009). Since
competitive advantages are increasingly determined in the manual assembly, the creation of
economical and reliable work steps is of fundamental importance for future business success
(Lotter, 2012). Therefore, it is worth striving to quantitatively determine the occurrence of
errors of the persons operating in the production system.
As the occurrence of staff errors so far has been taken into account insufficiently, the
development of robust and efficient manual assembly processes often fails. Especially during
the start-up phase of an assembly line, unstable processes often effect variations of quality
which cause high quality-related costs. That is why a method for planning assembly processes
is desirable, which considers the dynamically developing factors of industrial production and
simultaneously generates risk analysis at the planning stage. Thus, the department of the
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authors has developed a procedure called MTQM (methods time and quality measurement) to
use the knowledge of established concepts of Human Reliability Analysis (HRA, cf. (Swain,
1983), (Brauser, 1990), (Sträter, 2012), (Haase, 2015)) to create a computer supported expert
system that allows to predict human error probabilities of manual assembly operations. In this
context, the paper also introduces the conception and practical application of an Excel-based
software tool that allows an automated creation of reliable time and risk analysis of manual
work tasks with little effort.
Developing products and services suitable for customers and providing them with a high level
of customer service, it is mandatory to identify and analyze explicit expressed customer
requirements, as well as non-expressed, but latent existing requirements. In recent years, the
Kano model of customer satisfaction (cf. (Kano, 1984)) increasingly achieved reputation in
both, research and practical application (cf. (Turisova, 2015), (Lo, 2016), (Madzik, 2016)) for
structuring, classifying and valuating customer requirements. Additionally, to initiate a high
level of dissemination of the software tool this paper illustrates a structured Kano survey
taking 22 customer requirements into account with regard to the software-based evaluation of
human reliability during the execution of manual assembly operations.
As part of the addressed Kano-project and in connection with the industry partners of the
corresponding research project it will be examined how customer requirements can be
subdivided into basic requirements, performance requirements and enthusiasm requirements.
Hence, during the evaluation it will be pointed out which scope of services should be included
in the software tool and which design elements must be implemented in the user interface in
order to arouse the greatest possible customer interest. Moreover, it is shown how existing
modes to analyse Kano-projects can support the process of prioritizing measures and how
they enable the user to deduce configuration principles and recommended procedures for the
development of products suitable for many customers.
THE MTQM PROCEDURE: SHORT OVERVIEW AND REFERENCES
Although the early recognition of quality-critical manual work tasks constitutes a key element
of creating stable and efficient production processes for cross-sectoral manufacturing
companies, the prospective examination of human reliability in the assembly process has been
neglected in both, research and business practice in the recent past. In order to counter this
situation, the developed assembly planning method contains the three successive fields of
error analysis, reliability analysis and comparison of alternatives and has been developed in
cooperation with several industry partners e.g. the automotive and electronics industry with
the examples of typical manual assembly tasks from series production (fitting a brake piston,
fitting a valve, connecting a control unit etc.). With it, the developed procedure is based on a
reliability model, according to which human reliability depends not only on the work task
itself, but on the personnel performance prerequisites of the operator and the circumstances of
the work system (cf. (Wang, 2013)). In order to meet the requirements of the selected
reliability model, the reliability analysis is based on the Expert System for Task Taxonomy
(ESAT), an established HRA (Human Reliability Analysis) method for quantifying human
reliability of safety-critical control and surveillance tasks (cf. (Brauser, 1990)). In the course
of method development, the ESAT method was combined with the MTM procedure (Methods
Time Measurement), an established system of predetermined motion times for creating workanalytical time and motion surveys. Furthermore, the ESAT method was adapted to the scope
of manual assembly (cf. (Kern, 2015a), (Kern, 2016)) by modifications within the stress
vector and by the ongoing expansion of the risk prognosis database. Figure 1 illustrates the
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substantial elements of the developed MTQM method and gives an overview of both, needed
inputs, as well as outcomes resulting from method application.

Fig. 1 - Elements and process steps of the MTQM procedure

The testing and validation of the MTQM method took place based on numerous case studies
from several business partners from the automobile industry, heaters technology, as well as
drive and control technology. While testing and validating, only those manual assembly
operations were analyzed for which retrospective error data existed. Furthermore, when
selecting the case studies, it was ensured that the considered assembly operations clearly
differed from each other in their work content, their execution time and their task complexity.
The case studies for applying the method in the industry have been published at several
scientific conferences (cf. (Kern, 2014), (Kern, 2015b), (Refflinghaus, 2013), (Refflinghaus
2014)). As a result, the developed procedure was applied for the prediction of human error
probabilities for assembly profiles of different volume that consist of ten to hundred task
items. The evaluation of the analysis results showed that although the predicted HEP values in
absolute height deviated from actual error rates (depending on the input data’s level of detail
and the analysis scope, two to thirty times too high prediction values resulted) the order of
assembly stations’ forecast error susceptibility in all cases tallied with companies’ practices.
With it, the established reliability values enable an unambiguous prioritization for the
development of process optimization measurements. By prospective determining of human
reliability in the assembly process, the production planner is able to both, recognize and
transfer necessary system adaptions before putting the assembly system into service, so that
cost-intensive rearrangements in the ongoing process can be reduced.
MTQM SOFTWARE TOOL: CONCEPTION AND REQUIREMENTS
Applying the MTQM method requires an in-depth knowledge of established procedures of
human reliability analysis. This affected, that until now, companies that have no experience
with those procedures have difficulties applying the MTQM method. Due to high needs of
time and personnel, the MTQM method is designed for the optimization of assembly
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processes in large series production and is mainly used in major companies so far. Since the
necessary method knowledge in small and medium-sized companies is often inadequate, a
systematic planning of manual assembly operations can currently only be conducted on high
financial and temporal (training) expenditure or with the help of an external consultant in
these companies. Enabling small and medium-sized companies to analyze manual assembly
operations under time and risk aspects, an Excel-based software tool is currently being
developed at the department of the authors (cf. (Kern, 2017), (Refflinghaus, 2018)). The
software tool allows to evaluate typical, frequently occurring assembly operations with a
standardized description and to automatically determine all input variables that are necessary
for the following risk analysis. Thereby, the software tool combines aspects of work planning
for the time-optimized interpretation of manual assembly tasks with aspects of quality
planning for the assessment, evaluation and reduction of quality risks caused by human error
handlings. As a result, the developed software tool enables the user to perform a prospective
evaluation of human errors that potentially could occur while executing typical manual
assembly operations. By this new base, it is possible to identify error-prone assembly steps,
portray them quantitatively, and assess their risk monetarily. Figure 2 illustrates the
conception of the developed MTQM software tool.

Fig. 2 - Elements and process steps of the MTQM software tool

Since the program modules are based on each other (e.g. task description, procedural
reflection, reliability analysis, time prediction, risk prediction) and with the help of the
integrated method knowledge and the visualization of work operations, the user is conducted
through the analysis step by step. When using the analysis modules stored in the software`s
database the user will be able to evaluate not only complete work tasks, but single process
steps of a manual assembly operation under time and risk aspects on less expenditure. As a
result, by visualizing the MTQM method, inclusive required method knowledge risk analysis
for evaluating human failure in manual assembly will be carried out automatically and can
also be conducted in companies having limited method knowledge, restricted financial
devices and small workforce.
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As mentioned before, it is necessary to identify and exactly evaluate customers’ needs and
their requirements concerning the product in order to develop products and services that are
suitable for several customers. On the one hand, customer requirements for a computer-aided
analysis tool result from the methodology of the developed procedure for the assessment of
human failure in manual assembly, on the other hand, they are determined by the planned
application field of the analysis tool. Figure 3 illustrates a selection of customer requirements
subdivided into the categories’ software, user and methodology.

Fig. 3 - MTQM software tool - grouped requirements (extract)

The analysis tool is primarily designed for the assembly planning in small and medium sized
enterprises (SME), which are frequently restricted in financial resources and method
knowledge. To prospectively carry out risk analyses in SME it is necessary to choose an
economical software basis to develop the analysis tool. The software basis should preferably
be widespread regarding companies, so that expensive investments and laborious trainings
can be prevented. Furthermore, this increases the necessary acceptance of testing the
developed software tool in the industrial practice. As a result, the analysis tool should be
based on the globally well-known software MS Excel in order to generate an economic
analysis tool which can be used with low training expense. This inter alia offers the
considerable advantage that simple arithmetic operations can directly be performed in Excel.
In order to make the software tool useful for as many employees as possible and also for those
having only little method knowledge in HRA methods, an intuitive and safe menu navigation
along necessary process steps should be implemented. With it, the user should be gradually
led through the analysis procedure and be directly pointed to the operating error in case of
wrong or incorrect inputs. Hence, this inherent note and control system prevents the analysis
from being useless.
The method for determining human error probabilities in manual assembly is steadily
developed further and expanded, as well as improved by data from previous risk analyses.
-1373-

Symp-15: Quality and Process Management. Theory, Applications and Case Studies

Therefore, the developed analysis tool should not be designed as a closed system, but for
expansions, e.g. modified computational regulations. Hence, the fields for later users and the
fields for potential expansions by an administrator must be clearly separated and protected
from unauthorized access.
In order to determine the influence of individual requirements on customers` satisfaction, it is
useful to classify them by using the Kano model. Therefore, the main features of Kano´s
model will be presented in the following section.
KANO´S THEORY OF CUSTOMER SATISFACTION
According to the Kano-Theory customers evaluate the quality of a product using several
factors and dimensions which lead to different shapes of customer satisfaction (Lofgren,
2008). Explaining the relationship between customer satisfaction and product attributes Kano
developed a famous two-dimensional model (Kano, 1984).

Fig. 4 - Kano model for classifying product attributes

By using Kano`s model of customer satisfaction it is possible to structure customer
requirements based on groupings in various requirement categories (Lee, 1997). As shown in
Figure 4 the main Kano requirement categories are (Chen, 2008):
•

Must-be / Basic requirements (M): If product features classified as basic requirements are
not available or the performance is low customers become dissatisfied. With regard to
high performance of basic requirements customer satisfaction does not rise above a
neutral level.

•

One-dimensional / Performance requirements (O): In this case customer satisfaction is
linear to the performance of the corresponding product feature. Low attribute
performance leads to low customer satisfaction and vice versa.

•

Attractive / Delight and surprise requirements (A): Attractive requirements are neither
explicitly expressed nor expected by the customer. Therefore, fulfilling these
requirements leads to disproportionate satisfaction. Even if attractive requirements are not
fulfilled by the manufacturer there is no feeling of dissatisfaction.
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•

Indifferent requirements (I): Customer satisfaction is not affected by the performance of
product features corresponding to indifferent requirements. In Figure 4 this requirement
category correlates to the x-axis.

Depending on the allocation of potential customer expectations to an addressed requirement
category, the model allows to make statements about the influence of individual product
attributes on customer’s satisfaction with the product (Hölzing, 2008). In addition, the
identification of indifferent product requirements can disclose possible saving potential. As a
result, the deployment of the Kano method allows companies of industry and services sector
to improve their products in terms of consistent customer orientation (Shabin, 2017).
In order to be able to allocate product attributes to individual Kano requirement categories
and thereby to derive a basis for optimizing the product quality under the aspect of consistent
customer orientation, several customer interviews must be carried out and assessed within a
Kano project and the help of a special designed Kano questionnaire.
KANO PROJECT ON REQUIREMENTS OF THE MTQM SOFTWARE TOOL
For reasons of the comprehensibility and clarity of the questionnaire and due to the fact that a
lengthy questionnaire scares off the interviewee, it was essential to limit the object of the
survey. After defining several selection criteria (e.g. recognizable interface to the customer,
relevant for the purchase decision, traceable by the programmer) the scope of services and the
usability of the software tool were chosen to be the objects of the Kano project survey.
Afterwards, 22 testable customer requirements regarding the quality of an Excel-based
software tool were gathered (e.g. visualized process steps, less training expenditure, intuitive
use, advice and security system available, cf. Figure 3) via research in pertinent literature and
the internet, via own considerations of the authors and via brief explorative interviews with
participants from the end-customer field.

Fig. 5 - Example of the typical questioning technique in a Kano questionnaire

In the next step, in conformity with the Kano philosophy (cf. Kano, 1984), two questions
were formulated for each product requirement - one positively formulated functional question
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to illustrate the level of customer satisfaction to clarify if the queried product attribute is met
by the producer and one negatively formulated dysfunctional question to capture the reaction
of the interviewee when the product requirement is not fulfilled. Subsequently, all functional
and dysfunctional questions were completed by the same five Kano-typical options for
response (cf. (Kano, 2001)). The following diagram illustrates the structure of the developed
Kano questionnaire.
After formulating the Kano questions, they were grouped according to attributes. For this
purpose, all questions were divided into the following five questionnaire sections:
•
•
•
•
•

Questions concerning the navigation through the software tool (4 questions)
Questions concerning the handling when creating an assembly profile (4 questions)
Questions regarding the components of the risk analysis (6 questions)
Questions concerning the depiction of the risk forecast (3 questions)
Questions regarding the summary of the analysis results (5 questions)

The questionnaire was programmed in Unipark, a computer software used to carry out
internet-based customer interviews and online market research surveys. On completion of the
programming and formulation of the questionnaire, all questions, introductory texts and
explanatory texts were checked in a final step for ambiguous formulations and unsuitable
formatting. After the questionnaire was completely finished and any programming errors were
remedied the questionnaire was subjected to a two-week test run in order to confirm the
principal suitability of the Kano method as an instrument to categorize and evaluate customer
requirements on an Excel-based software tool for predicting human error probabilities in
manual assembly. During the pre-test ten industrial partners of the research department of the
authors took part in the Kano survey.
The first phase of evaluating the questionnaire represented an evaluation according to
absolute frequencies. Using a Kano assessment table (cf. (Kano, 1984), (Hölzing, 2008)) it
was possible for each combination of responses that were given to the functional and the
dysfunctional question on a certain product attribute by the interviewees to determine if the
corresponding product requirement represented a basic requirement, a one-dimensional
requirement, an attractive requirement or an indifferent requirement. Figure 6 and Table 1
demonstrate the evaluation system and illustrate in which Kano category the queried customer
requirements were allocated by the majority of the survey’s participants.
In order to deduce recommendations of action and measures for a customer-oriented product
development after categorizing all of the queried product requirements, the next step of the
Kano project deals with the interpretation of the analysis results.
A relatively simple but very effective analysis method is the use of the M > O > A > I- rule
which makes up an easy applying implement for measurement prioritization. The evaluation
rule firstly recommends taking those product requirements into consideration that are
allocated to the requirement category M (basic requirements), because disregarding of such
elementary basic elements creates dissatisfaction (Hölzing, 2008). According to M > O > A >
I -rule, product properties illustrating performance and attractive requirements from the
customers’ point of view are only optimized or rather new integrated to the product when
fulfillment of all basic requirements is already assured. Indifferent product requirements
exhibit the least acuteness because they only have a minor influence on customers’
satisfaction or rather dissatisfaction with the product.
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Fig. 6 - Kano evaluation table

Table 1 - Evaluation results according to absolute frequencies
Product requirements /
product attributes

Product requirements /
product attributes

Requirement category

Requirement category

Navigation from module to
module

Attractive

Insertion of stress values via
sliders

Attractive

Navigation via a central menu

Reverse

Color marking of already entered
values

Indifferent

Navigation via additional pop-ups Indifferent

Reset of the stress vector via
touching a button

Indifferent

User forms for profile creation

Indifferent

Automatically updating
calculations

Basic

Information fields for doubtful
definitions

Performance

Presentation of analysis results
via pop-up menus

Attractive

Subsequent removal of individual
elements

Indifferent

Simple HEP value comparison

Performance

Subsequent addition of forgotten
components

Basic

Marking the HEP value in a
reliability graph

Attractive

Insertion of additional assembly
steps at any position

Performance

availability of a difficulty display
of task items

Indifferent

Illustration of the stress vector in
a compact form

Attractive

Color-highlighting of the most
error-prone motion sequences

Basic

Own scaling aid for each
component of the stress vector

Attractive

Color-highlighting of the
achieved reliability class

Attractive

Insertion of stress values via user
form objects

Basic

Highlighting of the achieved
reliability class via flashing

Indifferent
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Therefore, a detailed analysis of indifferent product requirements only makes sense when all
basic, performance and enthusiasm product requirements have already been taken into
consideration.
If not possible to meet all the performance features and attractive features ranked by the
interviewees due to personnel, time or technological reasons, Category Strength (CAT) is a
suitable aid to determine where to set priorities within a requirements’ category (Sauerwein,
2000). The Category Strength index (CAT) which can be calculated by using the formula
(CAT = most frequently-given nomination in per cent minus second most frequently
nomination in per cent) allows to determine the strength of an allocation of a product attribute
to a Kano requirement category (Lee, 1997). The higher the Category Strength value, the
clearer the observed product requirement was allocated by the survey participants in this
requirement category and the higher is the satisfaction potential of the queried product
attribute in case of realization. Based on the results of an absolute frequency evaluation the
following table illustrates the values for the Category Strength calculation for the Kano
requirement category `Attractive`.
Table 2 - Evaluation results according to absolute frequencies
Product requirements /
attributes

product

CAT (A) = nomination Attractive (%)
- second most frequently nominated (%)

Ranking

Navigation from module to module

66,67 (A) - 16,67 (I) = 50,00

2

Illustration of the stress vector in a compact
form

33,33 (A) - 33,33 (I) = 0

5

Own scaling aid for each component of the
stress vector

75,00 (A) - 15,00 (I) = 60,00

1

Insertion of stress values via sliders

66,67 (A) - 16,67 (M) = 50,00

2

Presentation of analysis results via pop-up
menus

50,00 (A) - 33,33 (I) = 16,67

4

Marking the HEP value in a reliability
graph

50,00 (A) - 16,67 (I) = 33,33

3

Color-highlighting of the achieved
reliability class

66,67 (A) - 16,67 (I) = 50,00

2

The above-mentioned enthusiasm requirements (A) stand out due to the fact that the second
most frequent nomination with one exception can be found in the Kano requirement category
`Indifferent requirements` (I). Only the requirement `Insertion of stress values via sliders`
displays a tendency to the requirements category `Must-be/basic requirements` (M) (cf. table
2, line 4). For reason of the comparatively high potential of Must-be/ basic requirements
which may give cause to customer dissatisfaction, it is advisable to consider these separately
when determining priorities and to depart from the ranking listed in Table 2 to the effect that
the product attribute `Insertion of stress values via sliders` is afforded the highest priority
within the requirements category “Attractive”. Then the following priority assignment should
occur with the help of the order of rank given in Table 2.
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CONCLUSION AND OUTLOOK
Based on the presentation of the assembly planning method MTQM (Methods Time and
Quality Measurement), this paper clarifies how the MTQM method including the necessary
method knowledge can be transferred into a computer-aided methodology which enables an
automatically conducting and evaluating of time and risk analyses for manual assembly tasks.
To initiate a high user-friendliness, a high acceptance and a high level of dissemination of the
developed software tool this contribution subsequently deals with a Kano survey concerning
customer requirements on the addressed software tool. The executed Kano project confirms
the suitability of the Kano method as an instrument to categorize and evaluate customer
requirements on an Excel-based software tool for predicting human error probabilities in
manual assembly. When evaluating the Kano questionnaire an allocation of the queried
requirements in the Kano requirement categories was done via frequency evaluation and
concretized by an evaluation according to the Category Strength rule. Due to the fact that
valuable indications for future product improvements have already been revealed within the
preliminary study presented within this contribution it is currently planned to extend the
survey to a larger clientele in order to verify the analysis results with a larger database.
Nevertheless, the authors of this contribution are convinced that Kano`s model must be
modified in order to take the subjective weighting of individual requirements by the customer,
as well as the weighted degree of customer satisfaction into account. As shown by the
presentation of the original Kano model of customer satisfaction and according to Kano`s
theory, requirements can be classified into attractive requirements, one-dimensional
requirements and must-be-requirements. It is assumed that the correlation between fulfilling
requirements and satisfaction is not necessarily linear (cf. (Hölzing, 2008), (Sauerwein, 2000),
(Xu, 2009), (Kuo, 2012)). For this reason, the current research of the authors of this article
deals with quantifying the Kano requirement curves by integrating a case and product specific
weighting-factor (cf. (Refflinghaus, 2017)). Depending on customer specific weightings the
graphs may have a flatter or a steeper progress. As a result, the weightings given by the
customer will cause a weaker or a more intense impact of the meeting of requirements on
customer satisfaction (cf. Figure 7).

Fig. 7 - Effects of weighting factors on the Kano requirement curves
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Considering all Kano-categories during the weighting process it is imaginable that the
fulfilment of a one-dimensional requirement might produce a greater contribution to the
customer satisfaction than the fulfillment of an attractive requirement. Following this
approach during the evaluation process of large-scale Kano-projects it is possible to draw a
separate Kano-curve for each of the queried requirements. As a result, when quantifying the
Kano curves by adequate formulas the impact of each individual requirement to the
satisfaction of the customers with the product can be disclosed. This is analyzed in current
research.
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ABSTRACT
Based on reverse thinking, this paper put forward the concept of “Effectiveness gap”. The
purpose of the study is firstly, to determine the critical factors which have a significant impact
on the ISO 9001 effectiveness gap, and secondly, to develop and validate a model of ISO
9001 effectiveness gap to illustrate the relationship between these factors and their impact on
ISO 9001 effectiveness gap. The authors of this paper investigated 413 ISO 9001 certified
companies in china and they found out that motivation barriers, top management barriers,
employee barriers, resource barriers, certification organization barriers all have positive
impact on ISO 9001 effectiveness gap. In addition, the research also found that top
management barriers play a central role in the model of ISO 9001 effectiveness gap, and
employee barriers are affected by some other factors. It is also important to note that the role
of certification organization barriers cannot be ignored.
Keywords: ISO 9001, QMS, effectiveness gap, barriers.
INTRODUCTION
Since the introduction of the ISO 9000 series in 1987, it has become a world-wide quality
management norm for organizations, regardless of their size and what they produce (Tsim,
Yeung and Leung, 2002). By the end of 2016, the number of valid ISO 9001 certificates in the
world amounted to 1106,356 (ISO, 2017), an increase of 7,2176 over 2015. Since the
implementation of the certification system, QMS has become the most widely used quality
management practice in China. As of December 31, 2016, the number of ISO 9001
certificates in China was 350,631 (ISO, 2017), accounting for 31.69% of the world total,
ranking the first with an increase of 58,072 as compared with 2015.The contribution rate of
global certificate growth is 80.46%.
Judging from the number of ISO 9001 certificates, China has undoubtedly become a veritable
“Big Country of certification”. However, there is no direct relationship between the number
of certificates and the effectiveness of ISO 9001. The fact shows that there is still a gap
between the effectiveness and the intended results of enterprises on quality management
system. To illustrate this issue, the paper cites the concept of “Effectiveness gap” proposed by
Fisher et al. (2004) in the medical field. We define “Effectiveness gap” as the gap between
the effectiveness and the intended results of enterprises on quality management system.
This paper mainly intends to solve the following two problems:
Q1: what are the critical failure factors/barriers which have a significant impact on the ISO
9001 effectiveness gap?
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Q2: what is the relationship between these critical failure factors/barriers? Can we develop
and validate a model of ISO 9001 effectiveness gap to illustrate the relationship between these
factors and their impact on the ISO 9001 effectiveness gap?
In order to solve these problems, we put forward 11 hypotheses through literature review, and
developed a conceptual model of ISO 9001 effectiveness gap (Figure 1).

Fig. 1 - Conceptual model

RESULTS AND CONCLUSIONS
This paper conducted a survey in Beijing City, Shandong Province, Anhui Province and
Guangxi Province, which are representative in China, and recovered 413 valid questionnaires.
We adopt SmartPLS 3 (Ringle, Wende, and Becker, 2015) for analysis, and use Bootstrap
algorithm (N = 5000) to conduct significance test on the path coefficient of the conceptual
model (Wakeling and Morris, 1993; Chin, 2010). The test results are presented in Table 1,
which support all the hypotheses that we have proposed.
Table 1 - Path Coefficients

Motivation Barriers →
Effectiveness gap
Top management Barriers →
Effectiveness gap
Employee Barriers → Effectiveness
gap
Resource Barriers →
Effectiveness gap
Certification Organization Barriers
→ Effectiveness gap
Motivation Barriers →
Top management Barriers
Certification Organization Barriers
→

Standard
Sample
Deviation
Mean (M)
(STDEV)

Hypothesis

Original
Sample (O)

T Statistics
(|O/STDEV|)

P Values

H1

0.179***

0.179

0.037

4.839

0.000

H2

0.253***

0.260

0.046

5.496

0.000

H3

0.238***

0.236

0.047

5.077

0.000

H4

0.145***

0.146

0.038

3.779

0.000

H5

0.240***

0.236

0.052

4.660

0.000

H6

0.345***

0.344

0.045

7.668

0.000

H7

0.428***

0.428

0.046

9.236

0.000
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Top management Barriers
Certification Organization Barriers
→ Employee Barriers
Top management Barriers →
Employee Barriers
Top management Barriers →
Resource Barriers
Resource Barriers → Employee
Barriers
***
p<0.001.

H8

0.382***

0.383

0.049

7.823

0.000

H9

0.366***

0.365

0.052

7.066

0.000

H10

0.489***

0.488

0.036

13.696

0.000

H11

0.172***

0.173

0.040

4.239

0.000

The major conclusions of this paper are as follows:
(1) Motivation barriers, top management barriers, employee barriers, resource barriers,
certification organization barriers all have positive impact on ISO 9001 effectiveness gap.
(2) Top management barriers play a central role in the model of ISO 9001 effectiveness gap.
Top management barriers have the greatest impact on ISO 9001 effectiveness gap (path
coefficient=0.253, p<0.001, higher than the other barriers to the effectiveness gap). Both the
motivation barriers and the certification organization barriers have a positive effect on the top
management barriers (path coefficients are 0.345 and 0.428, p<0.001), while top management
barriers play a positive role in promoting employee barriers and resource barriers (path
coefficients are 0.366 and 0.489, p<0.001).
(3) The role of certification organization barriers cannot be ignored, in line with the findings
of Luo (1999), Poksinska, Eklund and Dahlgaard (2006). This research found that
certification organization barriers not only have a positive impact on ISO 9001 effectiveness
gap (path coefficient=0.240, p<0.001), but also have a positive impact on top management
barriers and employee barriers (path coefficients are 0.428 and 0.382, p<0.001).
(4) Employee barriers are affected by some other factors. Top management barriers, resource
barriers, certification organization barriers all have positive impact on employee barriers (path
coefficients are 0.366, 0.172, 0.382 respectively, p<0.001).
(5) In addition, the research also found that there are significant differences in ISO 9001
effectiveness gap of the sample groups with different size and years of certification. The
smaller the company size, the shorter the years of certification, the greater the ISO 9001
effectiveness gap will be. However, there is not much difference in the perception of ISO
9001 effectiveness gap between different positions.
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ABSTRACT
The article presents a method of assessing the readiness of technical objects. The analysis
focused on Mi-8 helicopters belonging to the Air Base. The Markov processes with discrete
and continuous time were used to determine the readiness index. Based on the analysis of the
operational process, nine operational states were distinguished, for which limit probabilities in
discrete and continuous time were calculated. In addition, the dynamics of system changes in
terms of striving for a stationary state were studied.
Keywords: helicopter operation and maintenance, Markov processes, technical readiness.
INTRODUCTION
Modern helicopters, thanks to their features, such as: the possibility of vertical take-off and
landing, hovering, high manoeuvrability, mobility, range, velocity, resistance to ground fire,
efficient own protection measures, as well as firepower and task execution accuracy, are the
essential equipment of armed forces of many countries. From the point of view of operational
features, the set of their advantages includes: ease of use and operation, and low encumbrance
of crews with flight handling, which results facilitates the likelihood of an efficient task
performance. Currently, helicopters are commonly used in national economy, for civilian, as
well as military purposes. Their status in armed conflicts is of the basic combat asset in a
modern battlefield (Tomaszek, 2013, 2016; Zieja, 2016; Żurek, 2009, 2014).
The helicopters operated in Poland are of obsolete design in terms of technical concept and
manufacturing technology, and in many cases, they are multi-purpose objects of Soviet or
Polish production. This article developed a method of assessing the readiness of Mi-8
helicopters with the application of the Markov processes. For this purpose, documentation
data based on the Routine Maintenance Sheets were gathered, which are the basis for the
register of Mi-8 helicopters over a period of two years (2014-2015). Next, the operational
process was analysed, and an individual and cumulative database was developed. As a result,
Markov models in discrete and continuous time were constructed (Jacyna-Gołda, 2017; Pham,
2006).
FORMULATION AND ANALYSIS OF HELICOPTER REGISTER STATES
The essence of mathematical modelling is the description of the studied phenomenon
(process, system, set) using a mathematical language. The modelling process utilizes variables
representing certain (and, therefore, significant from the point of view of the purpose)
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properties of the studied phenomenon (Brandimarte, 2014; Narayan, 2012; TchórzewskaCieślak, 2016). Studying an operational system requires the determination of all important
factors, which define it. Secondary components, the ones, which unnecessarily complicate the
model without significantly improving its quality should be ignored or omitted, and the ones
similar in terms of the results should be grouped (Kierzkowski, 2017; Piegdoń 2018).
Thorough examination of the process enables individualization of mutually disjoint
operational states. It also imposes requirements for empirical data, used to construct the
model. A minimum amount of its distinctive states, which enables calculating the basic
operational indices, is enough to generally analyze an operational system. For a studied
helicopter operational system, a set of the following states was distinguished:
S1 - preparation for operation;
S2 - test execution;
S3 - refueling;
S4 - readiness with a pilot;
S5 - readiness without a pilot;
S6 - protection;
S7 - work on the ground;
S8 - task performance;
S9 - unfitness (maintenance and repair).
In order to ensure quality of an operation model, it is necessary to correctly select the
permitted transitions of the object from the previous state to the next one (Knopik, 2016,
2018; Retsel, 2015). It was determined on the basis of the technical documentation and the
current operational knowledge regarding the discussed operation process. The mathematical
description of allowed transitions is a matrix of allowed transitions Si→Sj from the previous
state Si(rows) to the next one Sj (column). The analyzed nine-state system has probable and
prohibited transitions, according to Table 1 and the correlated graph shown in Figure 1,
where:
0 - means a prohibited transition;
1 - means an allowed transition.
Table 1 - The matrix of allowed transitions of the Mi-8 helicopters operational process
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As seen in Table 1, there are 72 theoretically possible interstate transitions, however, in the
case of studying real operational processes, some transitions are prohibited. The studied
sample narrowed this set to 30 allowed state changes, which is a natural consequence of the
adopted process sequence. From the point of view of the process organization, narrowing the
possible interstate transitions is understandable and is a consequence of the adopted (and not
random) operational process organization.

Fig. 1 - The nine-state operational model for Mi-8 helicopters

A graph showing the helicopter operation process including nine states. As can be seen, most
of them are mutually communicating states (A → A(, A → A2, A → AC, A( → A: , A9 → A: ,
A9 → AD , A9 → AE , A: → AE , AE → AF ). Operation is understood as a movement of the object
over distinguished states, which form the phase space.
MARKOV PROCESS IN DISCRETE TIME
The first stage in constructing a Markov process in discrete time (Knopik, 2016; WerbińskaWojciechowska, 2007, 2013) is the estimation of transition probabilities, as the values of
estimators ĜIJ of elements GIJ and matrices P of probable transitions. The values of these
estimators in a studied sample are frequencies wij of transitions from state AI to state AJ ,
calculated according to the relationship (1):
LMN
K

OMN

PMN / PM ;

(1)

where:

IJ - the number of transitions from state AI to state AJ ; I - the number of all transitions (exits)
from state Si;
SIJ - frequencies SIJ of transitions from state AI to state AJ ; ni - number of observations of
states AI in the sample.

In the case of a nine-state operational process, the matrix of interstate transitions P adopts the
following form:
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(2)

Table 2 lists empirical likelihoods of interstate transitions for the tested group of Mi-8
helicopters.
Table 2 Probabilities of interstate transitions for Mi-8 helicopters

In relation to Markov processes with discrete time, it was proven (Pham, 2006) that if ergodic
probabilities exist, then they can be calculated from the border of the transition matrix P in n
steps, by solving a set of linear solutions or a simultaneous matrix equation, i.e., by passing
from continuous t time to discrete time n, which is a number of the next experiment involving
observation of a vehicle in time ∆t, as per the relationship (3):

[ ] [ ]

∧ p j = lim pij (n) = ∑ pi pij = p j ⇔ P T p j = p j ,
j

n →∞

i

where:
PT - transposed transition matrix P whereas @

at

∑p

j

=1

(3)

j

\GJ ; , ] ∈ A_; TGJ U - vector of limit

probabilities; GIJ - probabilities of transition from state i to state j.

The forms of a system of linear equations for ergodic probabilities GJ 56 are shown by
equations (4).
0,012121G( + 0,353535G9 + 0,057142GD + 0,954545G2 + 0,058823GC − G
0,447204G + 0,538922G: + 0,011299GE − 0,058823GC − G( 0

0,103030G( + 0,005988G: + 0,357142GD + 0,045454G2 + 0,282485GE − G9
0,721212G( + 0,242424G9 + 0,135593GE − G: 0
0,151515G( + 0,393939G9 + 0,033898GE − GD 0
0,434782G + 0,585714GD + 0,882352GC − G2 0
0,018633G + 0,012121G( + 0,010101G9 + 0,455089G: + 1GF − GE 0
0,536723GE − GF 0
0,099378G − GC 0
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With simultaneous satisfaction of a requirement of system normalization (5).
∑CId GJ

1

(5)

The solution of a system of equations (4) with a normalization requirement (5) was completed
using the Mathematica, v.11 software. The solutions are abstruse functions in a set of
complex numbers, which were not cited in this paper due to their complexity. Value of limit
probabilities GJ 56 are illustrated in Figure 2.

Fig. 2 - Limit probability GJ 56 of the Markov process in discrete time for Mi-8 helicopters

Limit probabilities (Figure 2) relative to discrete time do not exceed values of 0.2. It proves
the fact that there are no considerable disproportions regarding the priority for each of the
nine operational states of a studied process. The biggest probability of entering is present for
the states AE (work on the ground), A: (readiness with a pilot), A( (test execution) and A
(preparation for operation). The lowest probabilities were observed for the states AC
(unfitness), AD (readiness without a pilot), AF (task performance) and A9 (refuelling).
However, we need to remember that the probabilities for the Markov chain are interpreted as
a number of entries to a given state compared to all transitions from a distinguished set of
states forming a phase space of the process. Therefore, they are interpreted in the quantitative
and not qualitative sense (relative to the state duration).
MARKOV PROCESS IN CONTINUOUS TIME
The transition from discrete time to continuous time is through the intensity matrix
Λ. Transition intensities gIJ h 0for  i ] are defined as right-hand derivatives of transition
probabilities relative to time, according to a relationship:
jMN 5kl 6

m5KMN 6/mk|k

klo

(6)

Intensities gII p 0 for 
] are defined as complementation of the sum of intensity of
transitions from state AI for  i ] to 0 :
hence:

jMM + ΣN jMN
jMM

− ΣN jMN
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Modules |gII | − gII are called intensities of exits from state AI .They are not the intensities of
returning from state AI to AI - as suggested by the notation. For the homogeneous Markov
processes, the transition intensity is constant and equal to the inverse of average time avIJ of
an object staying in state AI prior to state AJ :
jqMN

while:

avkMN

r/avkMN

(9)

5ΣN kMN 6/PM

(10)

where:
IJ o −  only for lA AJ - the time of an object staying in state AI prior to state AJ ,
which is equal to the value of the discrete-continuous variable value for the observation
number .
5ΣJ IJ 6/trI means an average time spent in state AI prior to state AJ .
avIJ

Tab. 3 lists the transition intensities of matrices Λ for a nine-state operational process of Mi-8
helicopters.
Table 3 - Uniaxial tension test results

Transition intensities are expressed by the number of transitions per hour for a given object.
After substituting the matrix Λ to the equation \GJ _s ∙ Λ 0, the following equation in matrix
form was obtained for the studied operational process:
G s −g
XG( [ X g(
WG9 Z W g9
WG Z W 0
W :Z W
W
WGD Z ∙ W gD
G
W 2 Z W g2
WGE Z W gE
WGF Z W 0
VGC Y V g
C

g(
−g((
0
g:(
0
0
0
0
gC(

0
g(9
−g99
g:9
gD9
g29
gE9
gF9
0

0
g(:
g9:
−g::
0
0
gE:
gF:
0

0
0
g9D
0
−gDD
0
gED
0
0

g2
0
0
g:2
gD2
−g22
0
0
gC2

gE
0
g9E
g:E
0
0
−gEE
gFE
0

or, in the form of linear equation systems, as a relationship:
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−0,096710G + 0,0799G( + 0,3139G9 + 0,008681GD + 0,000319G2 + 0,002816GC 0
0,010142G − 0,387914G( + 0,047199G: + 0,086956GE + 0,0025GC 0
0,058620G( − 0,995498G9 + 0,013889G: + 0,012773GD + 0,000641G2 + 0,163934GE 0
0,065348G( + 0,352768G9 − 0,078749G: + 0,172661GE 0
0,050607G( + 0,288782G9 − 0,026391GD + 0,176471GE 0
0,003961G + 0,004936GD − 0,000961G2 + 0,00344GC 0
0,016216G + 0,133333G( + 0,04G9 + 0,017661G: − 0,761588GE + 0,015936GF 0
0,161564GE − 0,015936GF 0
0,06639G − 0,008757GC 0

(12)

This is a homogeneous system, which has an infinite number of solutions, among which there
may be solutions satisfying the condition of normalization:
∑CId GJ

1

(13)

The solution to the above system (12) with a restriction (12) was obtained with the help of the
Mathematica software (ver.11), and the result presented in Figure 3.

Fig. 3 - Limit probabilities GJ 56 of the Markov process in continuous time for Mi-8 helicopters

Figure 3 shows that a Mi-8 type helicopter spends the most time in the states of A2
(protection) and AC (unfitness). In relation to the other distinguished operational states, on
average, it spends very little time, i.e., in the range of 0.037 in the stateAD (readiness without a
pilot) to just over 0.001 for the states of AE (work on the ground) A9 and (refuelling).
THE ANALYSIS OF CHANGES OF THE MI-8 HELICOPTER OPERATIONAL
PROCESS IN TERMS OF THE DYNAMICS OF STRIVING FOR A
STATIONARY STATE
The Smoluchowski - Chapman - Kolmogorov equation stems have the following matrix form:
5∏,k

m∏/mk

v ∗ ∏6 ∧ 5ΣN KN

r6

For the studied Markov process, they have the matrix form (15):
-1393-

(14)

Symp-15: Quality and Process Management. Theory, Applications and Case Studies
Kr 5k6
X
[
Ky 5k6
W
Z
WKz 5k6Z
WK{ 5k6Z
WK| 5k6Z ∙
WK 5k6Z
W } Z
WK~ 5k6Z
WK 5k6Z
VK 5k6Y

−jrr
X
j
W yr
j
W zr
W l
W j|r
Wj
W }r
W j~r
W l
V jr

jry
−jyy
l
j{y
l
l
l
l
jy

l
jyz
−jzz
j{z
j|z
j}z
j~z
jz
l

l
jy{
jz{
−j{{
l
l
j~{
j{
l

l
l
jz|
l
−j||
l
j~|
l
l

jr}
l
l
j{}
j|}
−j}}
l
l
j}

jr~
l
jz~
j{~
l
l
−j~~
j~
l

l
l
l
j{
l
l
j~
−j
l

jr
[
l
Z
l Z
j{ Z
l Z
l Z
Z
l Z
l Z
−j Y

K ′5k6
X r
[
WKy ′5k6Z
WKz ′5k6Z
WK{ ′5k6Z
WK| ′5k6Z
WK ′5k6Z
W }
Z
WK~ ′5k6Z
WK ′5k6Z
VK ′5k6Y

(15)

or, it may be written in the form of a balanced differential equations system (16):
G 56

G( 56
G9 56
G: 56

GD 56
G2 56
GE 56
GF 56
GC 56

−g( ∙ G( 56 − g2 ∙ G2 56 − gE ∙ GE 56 − gC ∙ GC 56 + g( ∙ G( 56 + g9 ∙ G9 56 + gD ∙ GD 56 + g2
∙ G2 56 + gE ∙ GE 56 + gC ∙ GC 56
−g( ∙ G 56 − g(9 ∙ G9 56 − g(: ∙ G: 56 + g( ∙ G 56 + g:( ∙ G: 56 + gC( ∙ GC 56
−g9 ∙ G 56 − g9: ∙ G: 56 − g9D ∙ GD 56 − g9E ∙ GE 56 + g(9 ∙ G9 56 + g:9 ∙ G: 56 + gD9 ∙ GD 56 + g29
∙ G2 56 + gE9 ∙ GE 56 + gF9 ∙ GF 56
−g:( ∙ G( 56 − g:9 ∙ G9 56 − g:2 ∙ G2 56 − g:E ∙ GE 56 − g:F ∙ GF 56 − g:C ∙ GC 56 + g(: ∙ G( 56 + g9:
∙ G9 56 + gE: ∙ GE 56 + gF: ∙ GF 56
(16)
−gD ∙ G 56 − gD9 ∙ G9 56 − gD2 ∙ G2 56 + g9D ∙ G9 56 + gED ∙ GE 56
−g2 ∙ G 56 − g29 ∙ G9 56 + g2 ∙ G 56 + g:2 ∙ G: 56 + gD2 ∙ GD 56 + gC2 ∙ GC 56
−gE ∙ G 56 − gE9 ∙ G9 56 − gE: ∙ G: 56 − gED ∙ GD 56 − gEF ∙ GF 56 + gE ∙ G 56 + g9E ∙ G9 56 + g:E
∙ G: 56 + gFE ∙ GF 56
−gF9 ∙ G9 56 − gF: ∙ G: 56 − gFE ∙ GE 56 + g:F ∙ G: 56 ∙ gEF
−gC ∙ G 56 − gC( ∙ G( 56 − gC2 ∙ G2 56 + gC ∙ G 56 + g:C ∙ G: 56

An analytically correct solution to a set of Ch-K-S system restricted with the normalization
condition was determined with the use of the Mathematica Markov Continuous module. It
was assumed that at the initial moment  0 the process 56 was in state S1. The obtained
observation probabilities of states A − AC are, in practice, complex functions (these are not
solutions according to the classic method). When analyzing the operational process dynamics
of Mi-8 helicopters, it is essential to study characteristic times, after which the object reaches
a state of equilibrium. Such tests are made available by the Mathematica ver.11 software. For
the Mi-8 helicopters, the initial distribution vector of the following form
GJ \1,0,0,0,0,0,0,0,0, _ was adopted. During the initial period, the studied process was
characterized by high change dynamics, which is shown in Figures 4 - 12.

Fig. 4 - The probability change dynamics of a Mi-8 helicopter staying in state S1 (preparation for
operation) over a time of 60 minutes
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Fig. 5 - The probability change dynamics of a Mi-8 helicopter staying in state S2 (test execution)
over a time of 60 minutes

Fig. 6 - The probability change dynamics of a Mi-8 helicopter staying in state S3 (refuelling) over a
time of 60 minutes

Fig. 7 - The probability change dynamics of a Mi-8 helicopter staying in state S4 (readiness with a
pilot) over a time of 60 minutes
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Fig. 8 - The probability change dynamics of a Mi-8 helicopter staying in state S5 (readiness
without a pilot) over a time of 60 minutes

Fig. 9 - The probability change dynamics of a Mi-8 helicopter staying in state S6 (protection) over
a time of 60 minutes

Fig. 10 - The probability change dynamics of a Mi-8 helicopter staying in state S7 (work on the
ground) over a time of 60 minutes
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Fig. 11 - The probability change dynamics of a Mi-8 helicopter staying in state S8 (task
performance) over a time of 60 minutes

Fig. 12 - The probability change dynamics of a Mi-8 helicopter staying in state S9 (unfitness) over
a time of 60 minutes

As the curves presented in Figures 4 - 12 show, the studied process is characterized by
significant dynamics of the changes in the initial phase for the distribution vector GJ
\1,0,0,0,0,0,0,0,0_. In practice, reaching a state of equilibrium is diversified for individual
values of probabilities over time. After 4320 hours from the moment of forcing, all
probabilities reach their limit values.
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CONCLUSIONS
Table 4 lists the limit probability values for discrete pj(n) and continuous time pj(t) for Mi-8
helicopters.
Table 4 - Limit probabilities of a Mi-8 helicopter operational process in discrete GJ 56 and
continuous time GJ 56 in a set of S1-S9 states

The limit probabilities of a 9-state Mi-8 helicopter model in the discrete and continuous time
domain differ significantly (Table 4). The reasons stem from a different interpretation of the
frequency relationships (the variable space of state change in discrete time) and the intensity
of process transitions (the distribution of state durations variable in physical time). In the
course of analyzing the limit probabilities for Mi-8 helicopters relating to the Markov process
in discrete GJ 56 and continuous time GJ 56, the following final conclusions may be
formulated:
a) for discrete time:
- the highest entry probabilities were observed for the states of:AE (work on the ground),

- almost identical for the states:A( (test execution) and A: (readiness with a pilot) due to
the fact that these are concurrently positive correlated processes, since the readiness
with a pilot is practically linked with test execution,
- slightly lower probabilities apply to the following states:A (preparation for operation),
A2 (protection), A9 (refuelling) and AF (task performance),

- the smallest entry probabilities apply to the states of:AC (unfitness) and AD (readiness
without a pilot).
b) for continuous time:

- the calculated functional readiness index for Mi-8 helicopter is 0.820103 (p + p( +
p: + p2 + pF 0,8201036. Therefore, it is high, which proves a correctly executed
operational process from the point of view of the supervision over technical objects in
the inventory of Airlift Base,
- the highest probability of staying was observed for the states A2 (protection) and AC
(unfitness). The probabilities of staying in the other states are short-lived and do not
have a significant impact on the calculated functional readiness index.
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ABSTRACT
The damage detection in structural components is of extreme importance, because damages
that begin in microscopic scale can propagate, causing a structure exposure. The nondestructive tests are used to detect in time this kind of damage. One of the most used methods
is one that detects damages through eddy current.
This work evaluates the human factor influence in this kind of testing in aeronautical
structures maintenance, because the result of an eddy current inspection has high dependence
of inspector’s conditions. This research used Design of Experiments and followed the steps:
problem characterization, influence factors and levels, selection of answer variables,
determination of a design of experiments model, experiment run, data analysis and finally
conclusions and recommendations.
The objective of this research was to identify and evaluate the factors present in human action
of inspection by eddy current method, and to contribute to the reliability of the structural
damages detection. The influence factors and levels chosen are as follows: (i)-inspection
difficulty (classified as easy or difficult), (ii)-presence of conditions that causes stress in the
inspector (classified as yes or no) and (iii)-inspector’s experience (classified as young or
expert). The response variables are: (a)-inspection time and (b)-result (the variable result
indicates if there was or not a correct diagnosis related to presence of damages in the
structural item). The analysis of data allowed to conclude that, to the studied case, the most
influent factor in both inspection time and result has been the inspector’s experience. This
confirms the Norm NAS 410, which is based upon the time of inspector’s experience as a
preponderant factor to the reliability of the eddy current non-destructive testing.
Keywords: human factor, non-destructive testing (NDT), design of experiments.
INTRODUCTION
The aeronautical industry has its own characteristics. Flights, crews and maintenance have to
be scheduled. Fuel, spare parts, tools, training and publications have to be provided. With all
these factors, it is necessary to consider the costs of operation and maintenance, which are
time and money (Knotts, 1999).
In the view of Salamanca and Quiroz (2005), the costs of maintaining aeronautical structures,
taking into account non-destructive inspections, repairs and replacements of damaged
components, have a high priority in the management of the fleet.
Research has been carried out in the evaluation of the influence of the human factor in nondestructive tests, such as: Moré et al. (2003); Stefhens (2000); Wassink and Dijkstra (2007).
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Crocker (1999) cites that it is often assumed that inspectors are infallible, that they will
always see a crack if they are present and that they would never reject a component unless it
was in an unsatisfactory condition. If inspections were always one hundred percent effective,
then the inspector would always find a crack, corrosion or external damage if present, and
would never reject a component unless a fault was present. Although the consequences may
be different, false positives (reporting a crack when it does not exist) and false negatives
(failing to detect a crack that is present) are both bad for the operational effectiveness of a
system. A false positive can lead to removal of the item, leaving the system unnecessarily
unnecessary, and exposing it to the possibility of damage induced during maintenance. A
false negative can put human lives at risk and also result in the loss of the aircraft.
The research described presupposes the growing complexity of systems and seeks to study
human behavior, which results in decisions about product conformity. With emphasis on
inspections, common in the food, mechanical and aeronautical industries, where the inspector
has a preponderant role in approving or failing the inspected product, the human factor
becomes fundamental to the reliability of the inspection processes. Thus, the training of an
inspector begins with the job description and is complemented by on-the-job training based
on standardizations such as NAS 410 which establishes minimum standards for qualification
and certification of personnel involved in nondestructive testing.
In this context, given the importance of the theme, the present work aims to evaluate the
influence of the human factor in non-destructive tests by parasitic currents in the maintenance
of aeronautical structures.
RESULTS AND CONCLUSIONS
Table 1 summarizes the observations after data analysis.
Table 1 - Evaluation of the factors present in human inspection by non-destructive testing.
Selected Factors

Person

DOE Results

General comments

Regarding the inspection time, it was
the most statistically significant factor.

The researcher observed that actually the
experience time was what most influenced
the time of the inspection and the
correctness
and
errors.
Experienced
inspectors demonstrated great safety during
inspections.

With regard to the correct answers and
errors, 100% of the inspectors
considered experienced correct the
result.
With regard to the inspection time, the
difficulty of the inspection had an
influence not as great as the experience
and not as small as the stress.

Difficulty

Regarding the correctness and errors,
considering the inspections performed
on structural items considered difficult
to inspect, there was a 62.5% hit and an
error in 37.5% of the inspections. And
considering the inspections performed
on items considered easy to inspect,
there was a 75% hit and an error in
25% of the inspections.
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The researcher noted that the inspection of
difficult parts did not cause reactions of
insecurity, especially with respect to the
inspectors considered experienced. The
existence of a system-based procedure based
on NAS 410 provides a peace of mind to
inspectors with less experience, as they
know that their inspection will be checked
by a more experienced inspector.
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Regarding the time of inspection, it
was the variable that had the least
influence.

Stress

Regarding the correctness and errors,
considering the inspections that were
not performed under conditions that
caused stress, there was a 62.5% hit
and an error in 37.5% of the
inspections.
Considering
the
inspections carried out when the
conditions causing stress were present,
75% of the inspections and 25% of the
inspections were correct.

Although not considered statistically
significant, the researcher observed that the
inspectors appeared to be much calmer
during inspections performed in the morning
and in an environment without parallel
conversation. Under stressful conditions, it
was observed that young inspectors were
more focused on carrying out the inspection.

In the case studied, through a more quantitative approach, it was verified that the time of
experience of the inspector, which is related to the nature of the individual, was a factor that
had great influence. These findings confirm NAS 410, which addresses the requirements for
the qualification and certification of personnel involved in the application of nondestructive
testing. The standard says that there should be a minimum training load for the inspector to
obtain his certification.
The DOE statistical tool proved to be efficient and allowed to conclude that the results
obtained in the case studied are consistent with the NAS 410 standard. This standard gives
more security to the process and to the inspectors, since it guarantees that the results of the
inspections done by inspectors with little experience will pass by the approval of more
experienced inspectors.
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ABSTRACT
The present paper proposes to analyse the measurement system in a textile company, in which
15% of the yarn reels of the total production of the factory use the measuring equipment
studied. The article aims to validate the measurement system, making the information passed
to the process control more reliable. First, a repeatability and reproducibility study was
carried out in order to assess the current situation of the measurement system, analyzing the
measurements of mass (kg), diameter (cm) and density (g / cm³). After obtaining the results,
there was a performance in the squids and, thus, the studies were repeated. In both studies, a
sample of 10 reels, 3 equipment and 3 repetitions were used and the highest gain of the
presented work occurred in the measurement of the density parameter (g / cm³): 19.06% in the
first study to 3.97% in the second study. Thus, it was possible to validate the measurement
system of the company, bringing greater confidence of the disqualifications that occur and at
the ideal moment for the performance of the process control.
Keywords: analysis of the measurement, repeatability and reproducibility, textile dyeing.
INTRODUCTION
Quality improvement searches are continuously focused on production, seeking to reduce the
number of defects, minimizing variability. Improvement actions are implemented to improve
the process capability, but in an already capable process, the measurement error is still
unacceptable when compared to process variability. Thus, to verify the variability of the
measurement process and the variability of the manufacturing process, it is crucial to make
decisions (Peruchi, 2014, AIAG, 2010, Woodall and Borror, 2008).
The study used to measure the variation components of a measurement system (MSA)
analysis is called the Gage Repeatability and Reproducibility (GR&R) Study. This study
compares if the variation of the measurement system is relatively smaller than the variation of
the monitored process (Peruchi, 2011).
According to Pedott and Fogliatto (2013), in R&R studies, the measuring instrument is used
to measure samples of a product repeatedly. Repeatability refers to the characteristic
variability of the measuring instrument and stems from its ability to provide repeated close
readings under the same conditions. Reproducibility refers to the ability of a measurement
system to present the same results in the case of changes in measurement conditions, such as
changes in evaluators, different shifts or changes in process.
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This paper aims to conduct an R&R study to evaluate the measurement system of a textile
company, which controls the dimensions of its products (mass, diameter and density). The
relevance of this study is justified by the existing possibility of the measurement system of the
company not being satisfactory, which generates incorrect actions by the control of processes.
In addition, products are classified according to their density ranges and an incapacitated
measurement system can generate product mix, directly affecting the company's relationship
with its customers.
RESULTS AND CONCLUSIONS
Given the three responses studied, the density is the most critical for the beneficiation
companies that perform the dyeing, and this feature is responsible for possible complaints
from the company's customers. Thus, density was the main factor of this analysis. In the first
study considering this parameter, we obtained a% R & R = 19.06% and ndc = 7, values in an
acceptable range. After the performances, we obtained% R & R = 3.97% and ndc = 35. These
results were obtained from the improvement of the focus of the camera and the sharpness of
the image read by the equipment, thus allowing validation of the Measurement System.
Two other parameters studied and also presented results within acceptable limits: the mass
and the diameter measured by the equipment. After the first studies and subsequent
performances, subtle increases in repetitiveness and reproducibility responses were provided,
but in a less relevant way than in the study considering the density.
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ABSTRACT
The National Institute of Metrology, Quality and Technology (INMETRO) created the
Brazilian Labelling Program (PBE), with the purpose of regulating in Brazil the estimation of
energy consumption of products, such as centrifugal pumps. In 2010, the labeling process
became mandatory for centrifugal pumps, which led to an increase in demand for tests at the
Centrifugal Pump Laboratory (LEB) at the Federal University of Itajubá (UNIFEI), one of the
few accredited EBP reference laboratories to carry out these tests. In view of the great
demand for analysis and constant search for excellence in the reliability of the results, the
present work aimed to evaluate the reliability of the LEB centrifugal pump measurement
system by means of a Repeatability and Reproducibility (R&R) study. The results indicated
that, although the LEB measurement system has been classified as marginal, it is acceptable
for certain applications and is able to efficiently identify the difference between the evaluated
parts. The results also suggest that, in order to increase the reliability of the measures carried
out by the LEB, it is necessary to invest in training for the operators and a greater
standardization of the process.
Keywords: study of repeatability and reproducibility, analysis of measurement system,
labelling of pumps.
INTRODUCTION
Pumping systems have wide application, ranging from the industrial segments that use liquids
in their processes, to the feeding of reservoirs of the sanitation services. In this last one, the
greater financial expenses come from the consumption of electric energy (Bridi, 2013), which
ends up driving the search for more energy efficient hydraulic pumps.
Seeking to regulate in Brazil the dissemination of information on the energy efficiency of
several products, the National Institute of Metrology, Quality and Technology (INMETRO)
created the Brazilian Labeling Program (PBE), which establishes measurement procedures
and parameters for consumption evaluation different products, among them centrifugal
pumps. In 2010, the labeling process became mandatory for centrifugal pumps (BRASIL,
2010).
The labeling process for centrifugal pumps is based on the annual comparison of all the trade
marks in order to inform the consumer of the performance of each brand available in the
market, in its numerous flow and pressure ranges, according to their respective energy
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consumption (INMETRO, 2006), thus allowing the consumer to decide, with more clarity,
which product to purchase.
According to information from the INMETRO website, the Laboratory of Labeling of
Centrifugal Pumps (LEB) at the Federal University of Itajubá (UNIFEI) is one of the few
laboratories accredited to carry out these tests (INMETRO, 2017).
Due to the constant increase in demand and the pursuit of excellence in reliability of results,
the repeatability and reproducibility (GR & R) study is required in the LEB centrifugal pump
labeling tests, since such a procedure is essential for verification of the ability of the system to
efficiently monitor the process (Burrick and Borror; Montgomery, 2003). According to
Burdick, Borror and Montgomery (2003), the study of R&R can be done in almost any
industry and its main applications are in the identification and removal of the sources of
variability of the data in the measurement system and in the verification of its capacity.
The present work had the objective of evaluating the reliability of the centrifugal pump
measurement system of the Laboratory of Labeling of Centrifugal Pumps, through a study of
Repeatability and Reproducibility (R&R).
RESULTS AND CONCLUSIONS
The results obtained from the Gage R&R (Nested) analysis performed in Minitab17®, are
presented in Table 1 and 2.
Table 1 - ANOVA for pump efficiency.
Source

DF

SS

MS

F

P

Operators

2

0,0214

0,01072

0,0001

0,999

Part

12

91,2469

7,60391

117,283

Repeatability

30

1,945

0,06483

-

-

Total

44

93,2133

-

-

-

0,000

Considering a significance level of 0.05, from the p-value results it can be concluded that the
differences between the operators are not significant (p-value> 0.05) in the measurement of
the "efficiency" output variable. However, the same cannot be said for the parts, since the pvalue for this variable was zero, indicating that the differences between the parts significantly
influence the process.
Table shows important data regarding the main responsible for the variability in the process,
indicating that the repetitiveness contributed with a small portion of the variation (2.52%),
suggesting that there was variation of an evaluator when using equipment to measure several
times a same feature in the same part.
Table 2 - Result of the GR&R Study
Source

σGR&R
σrepeatability
σreproducibility
σpart-to-part
σT

σ
0,25462

% Contribution
15,86

0,25462

15,86

0.0000

0.00

1,58525

98,73

1,60557

ndc

100,00
8
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The value obtained for the GR&R study was equal to 15.86%, indicating that the
measurement process is classified as Marginal, and may or may not be acceptable according
to the specifications adopted. The number of distinct categories identified by the system was
equivalent to 8, a criterion classified as acceptable according to AIAG (2010). Figure 1
illustrates the results obtained from the Gage R&R (Nested) analysis for efficiency, through 5
graphs, which help in understanding the results already elucidated in Tables 1 and 2.

Fig. 1 - Gage R & R (Nested) Analysis Charts. a) Variation components. b) Efficiency X Part (Operator).
c) R Chart by Operator. d) Efficiency X Operator. e) Xbar Chart per Operator.

In view of the study, it was possible to notice that the measurement system for the verification
of energy efficiency of centrifugal pumps, is able to efficiently identify the difference
between the evaluated parts. Although it has been classified as a marginal measurement
system, it may be acceptable for certain applications, given the high cost of the process.
For the analysis of the data, the operator who presented the worst performance was Operator
1. In order to increase the reliability of the measurements performed by the laboratory and to
reduce the variation of the measurement system due to the repetitiveness (2.5%), it´s
necessary an investment in training for operators and standardization of the process.

ACKNOWLEDGMENTS
The authors would like to acknowledge the support from the CNPq, CAPES and FAPEMIG.

-1409-

Symp-15: Quality and Process Management. Theory, Applications and Case Studies

REFERENCES
[1] AIAG (2010), Measurement Systems Analysis Reference Manual, 4th edition. Chrysler,
Ford, General Motors Supplier Quality Requirements Task Force.
[2] BRASIL. Ministry of Development, Industry and Foreign Trade. (2010). Ordinance n.º
455, December 1, 2010. Rio de Janeiro. Brazil. p.38.
[3] Bridi, A. (2013). Evaluation of the energy consumption in the control of flow in a
pumping system using mechanical valves and frequency inverters - laboratory experiments
and case study. Thesis (Master degree in Building and Environmental Engineering ). Federal
University of Mato Grosso, Cuiabá, Brazil.
[4] Burdick, R.K., Borror, C.M., Montgomery, D.C. (2003) A review of methods for
measurement systems capability analysis. Journal of Quality Technology, v.35, pp.342-354.
[5] National Institute of Metrology, Quality and Technology (INMETRO) (2017) Brazilian
Labeling Program. Brazil. Available at:: http://www.inmetro.gov.br/laboratorios/rble/
lista_laboratorios.asp
[6] National Institute of Metrology, Quality and Technology (INMETRO) (2006). Specific
Regulation for the Use of the National Energy Conservation Label - ENCE Centrifugal Pump
Line. Rio de Janeiro. Brazil. p. 32.

-1410-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure
Lisbon/Portugal 22-26 July 2018. Editors J.F. Silva Gomes and S.A. Meguid
Publ. INEGI/FEUP (2018); ISBN: 978-989-20-8313-1

PAPER REF: 7279

THE JOURNEY OF MULTI NATIONAL ENTERPRISES INTO
BUSINESS AND HUMAN RIGHTS
Pasquale Vetta(*)
Department of Business Studies - Università degli Studi Roma Tre, Italy
(*)
Email: pasquale.vetta@uniroma3.it

ABSTRACT
The topic of Business and Human Rights (BHR) is gaining its autonomy in the CSR debate
because the implications of business activities on specific rights of individual and
communities are becoming more and narrower. The scope of this work is to assess the real
effectiveness of the United Nations Guiding Principles on Business and Human Rights
(UNGPs, 2011), which represent the standard currently in place, in preventing human rights
violations, by searching for a direct relation between human rights performances of Multi
National Enterprises and their commitment to respect human rights according to the most
relevant international standards in use, namely the UNGPs. This work highlights in practice
the existence of a considerable, and growing, awareness on human rights in largest MNEs of
the most developed countries, regardless of the industrial cluster they belong to.
Keywords: business, human rights, violation, UNGPs, salient issues.
INTRODUCTION
The topic of BHR is gaining its autonomy in the CSR debate because the implications of
business activities on specific rights of individual and communities are becoming more and
narrower. Since the second half of the XX century in fact, business have proven to be likely to
impact on human rights enjoyment in several situations. The Bhopal disaster in India in the
80s, the killing of Ken Saro Wiwa in Nigeria in 90s, just to mention a few, were macroscopic
examples of these implications. Business is likely to impact on civil and political rights, but
also on economic, social and cultural rights. The recognition of “third-generation human
rights” in a growing number of international declarations further expands the perimeter of
BHR. Moreover, migration and climate change, phenomena that are only indirectly linked to
business activities, are contributing to enlarge again this perimeter and to scale this topic to a
higher magnitude.
The responses of governments and international organizations to these impacts have been
nuanced over years and, only in 2001 with the approval of the United Nations Guiding
Principles on Business and Human Rights (UNGPs), this subject landed to a clear definition,
with the adoption of a standard to evaluate business behaviour. The UNGPs introduced a
clear-cut approach to BHR, based on the duty of States to protect, the responsibility of
business to respect and the right to access to remedy. This business responsibility then has
been carefully declined in a number of principles, whose companies are requested to align to.
Today the UNGPs are still the standard in place and companies, especially multinational
enterprises (MNEs), continue to declare their commitment to respect the UNGPs and to
embed them in their processes. Nevertheless human rights violations directly linked to
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business activities still happen in several contexts and MNEs are often involved. Therefore,
the scope of this work is to assess the real effectiveness of UNGPs in preventing human rights
violations, by searching for a direct relation between human rights performances of MNEs
and their commitment to respect human rights according to the most relevant international
standards in use, namely the UNGPs.
To this aim, this research compares allegations against MNEs, accused of human rights
violations, with the extent to which MNEs have embedded the UNGPs in their processes.
Two prominent sources of data have informed this analysis: the database of the Business and
Human Rights Resource Centre, which collects the allegations of human rights violations and
publishes the responses provided by companies, and the Corporate Human Rights Benchmark
(CHRB), which assesses in detail the degree to which 100 MNEs comply with the UNGPs.
RESULTS AND CONCLUSIONS
This work highlights in practice the existence of a considerable, and growing, awareness on
human rights in largest MNEs of the most developed countries, regardless of the industrial
cluster they belong to and, quite often, resulting in a formal alignment to the international
standards.
On the other hand, an empirical analysis shows that impacts of the operations of these MNEs
on human rights of individual and communities are still severe, making slighter the gap with
MNEs of emerging countries (such as BRICS).
Nevertheless, due to a wider exposition to NGOs campaigns and stakeholders requests, the
response of largest MNEs to human rights breaches are becoming more and more effective,
starting a virtuous circle likely to bring real improvements in the preventive measures to
adopt. All of these factors are contributing to shape a BHR culture in the organization, both at
governance and operational level, whose fruits will be a driver for additional changes.
Further analysis should monitor the occurrence trend of human rights performances in the
same sample of MNEs, in order to verify the degree to which the same kinds of breaches tend
to reduce over years.
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ABSTRACT
This work presents a clustering algorithm for finding an optimal set of taktlines in the context
of synchronized job shop production. Based on jobs’ frequently reoccurring process
sequences, a clustering analysis is applied in order to find groups of process sequences, which
can be aggregated with regard to an optimized material flow and shop floor logistics. To this
end, a distance measure for process sequences is developed as well as a clustering algorithm
based on partitioning clustering. Different scenarios will be discussed; industrial data from
tool manufacturers serve as validation basis.
Keywords: cluster analysis, job shop production, process quality, string alignment, machine
learning
1. INTRODUCTION
The transfer of lean concepts to job shop production still bears huge potential. Besides
digitalization and automation, the layout and organization of these production facilities is
most relevant to its overall performance regarding process quality and productivity (Zwanzig,
2010). Traditional job shop production is characterized by a heterogeneous product program,
where jobs usually follow individual paths through the shop floor, i.e. individual process
sequences, while requiring non-deterministic processing times (Gruß, 2010). The individual
process sequences render the material flow non-transparent and more generally the logistic
effort very high, since each job passes the shop floor timely and spatially unbound from other
jobs (Humphrey, 2016). In order to enhance the ‘flow character’ of a job shop production, a
concept adapted from serial production has been brought forward in recent years: the
synchronization principle (Gruß 2010, Ziskoven 2013). Latest concepts combine job shop
production with the synchronized flow in terms of a shop floor wide ‘takt’, also well-known
from serial production. Accordingly, jobs, which resemble in their process sequence, are
bundled and transported jointly across the shop floor along so called ‘taktlines’. The taktlines
are to be understood as a series of taktstations, which comprise each of one or more
taktsubstations, i.e. machines (Ziskoven, 2013; Humphrey, 2016).
Results from research and industrial practice support the effectiveness of synchronized job
shop production to date (Humphrey, 2016). Whereas research in this field has examined the
allocation of jobs to a given set of taktlines on the one hand (Schmitt, 2016), and addressed as
well in detail the scheduling problem of synchronized jobs shop production (Ziskoven, 2013;
Humphrey, 2016), the optimal layout of the taktlines system has solely been discussed on a
conceptual level (Ziskoven, 2013). The layout of taktlines is in essence a combinatorial
optimization problem, facing multiple contradicting objectives. The aim of this research is
-1413-
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therefore the development of an algorithm for finding this optimal set of taktlines, considering
restrictions and objective dimensions. To this end, a clustering approach is proposed, which
considers the jobs’ process sequences as strings; it can thus be viewed as a sequenceclustering problem.
The paper is organized as follows: The fundamentals of synchronized job shop production
will be outlined in chapter two, resulting in the current research question. In chapter three, the
proposed clustering analysis is outlined under consideration of the state of the art, leading to a
presentation of results in chapter four. The paper closes with a discussion and outlook for
further research.
2. SYNCHRONIZED JOB SHOP PRODUCTION
Traditional job shop production, which yields a highly heterogeneous product program, is
characterized by its unstructured material flow and high logistic effort (Klotzbach, 2007).
Large idle times and low machine utilization often result from a reactive manufacturing
schedule (Günther, 2012). To overcome these insufficiencies, the transfer of so called lean
concepts has been brought forward in recent years (Gruß, 2010). Besides product and process
standardization (Klotzbach, 2007), especially the concept of synchronization in job shop
production has been investigated. In this context, the work of Gruß, Zwanzig, Ziskoven and
Humphrey are highly relevant. Whereas Gruß (2010) and Zwanzig (2010) examine the
subject conceptually and thus lay the groundwork for synchronization in job shop production,
Ziskoven (2013) and Humphrey (2016) specify the approach. They support the idea of
bundling different jobs and transporting them simultaneously through manufacturing along
so-called taktlines (Humphrey, 2016). A comparison of the material flow in traditional job
shop production vs. synchronized job shop production is drawn in Figure 1.

Assembly

Tryout

Fig. 1 - Comparison of traditional and synchronized job shop production (Humphrey 2016, p. 25)

The material flow according to traditional job shop production is condolidated in the right
illustration. By defining a limitied number of taktlines, the transparency on the shop floor can
be enhanced, logistic effort and idle time can be reduced (Ziskoven, 2013).
The implementation and operation of the synchronized job shop production usually follows
three main steps, namely the layout of the taktline system, the allocation of incoming jobs to
these taktlines and the actual (job shop) scheduling (Ziskoven, 2013). Whereas the layout of
the taktlines system can be viewed as long-term, the allocation and scheduling are pursued on
a daily or at least weekly basis (Humphrey, 2016). The objective criteria for the layout,
implementation and operation of a synchronized production system correspond to well-known
-1414-
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objective in production, i.e. minimization of through put time, low work in progress, high
machine utilization and low operating costs (Humphrey, 2016; Ziskoven, 2013).
As mentioned in the introduction, the allocation and scheduling have hitherto been addressed,
including the development of necessary algorithms. The layout of the taktline system on the
other hand has not yet been investigated with regard to a mathematical optimization. Yet, in
his work, Ziskoven states the general requirements for the layout of the taktlines system
conceptually (Ziskoven, 2013).
An optimal layout of a production facility is, however, crucial for the overall target
achievement of the manufacturing efficiency (Eversheim, 1999). Hence, a suitable set of
taktlines allows for manufacturing a broad range of products according to this principle while
realizing little idle and throughput time. Prior to discussing an automated layout of the
taktline system, the basic concept will be clarified in detail with regard to objective
dimensions as well as boundary criteria, taking into account the groundwork of Ziskoven.
2.1. Objective Dimensions of the Taktline System
In the following, the order of necessary technological operations of a job will be called
process sequence. Machines (including manual work stations), on which these technological
operations are conducted, will be denoted by generic letters form the alphabet. Further, a
taktline constists of severeal ordered taktstations. These taktstation may contain several
taktsubstations, which are in fact, machines.
A taktline should be chosen such that similar process sequences can be manufactured on it.
See Figure 2 for an exemplary illustration of three jobs, their corresponding process
sequences (job 1: B-C-D-E; job2: D-F-G-I; job 3: A-C-D-H-I) as well as a taktline with six
taktstations (A/B-C-D-F-G/H-I).
Job 1

B

C

Job 2
Job 3

A

D

F

D

F

C

D

C

D

A

I

H

I

G
F

Taktsubstation

I
H

B

Taktstation

G

Taktline

Process Sequence

Idle takt

Fig. 2 - Illustration of taktstations, taktsubstations and idle takts

Evidently, the process sequences are not equal, but bear similar sections so that a
consolidation thereof to one taktline seems reasonable. In this constellation each jobs’ process
sequence contains so-called idle takts. In the context of synchronized job shop production,
e.g. job 3 is transported (as a bundle with job 1 and 2) along the taktline. At taktstation four
(“F”), job 3 is not processed but would wait for a takt. This prolongation of jobs contradicts
generally the goal of minimum through put times. However, it enables for finding a limited
number of taktlines so that the advantages regarding operability and transparency of a
synchronized manufacturing can be realized. In addition to the matter of idle takts, the above-1415-
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illustrated taktline contains taktsubstation within the taktstations. Allowing for taktsubstations
also enables finding a handable number of taktlines, while covering a large proportion of
jobs’ process sequences (Ziskoven, 2013). The concept of taktsubstations resembles the idea
of different technologies within cell manufacturing (Murugan, 2011). Ideally, the machine ‘G’
and ‘H’ at taktstation five are either similar in their technology or required expertise for they
could make up a taktstation. Additionally, they are ideally geographically close to each other
on the shopfloor. If neither technological or geographical proximity is given, it could still be
reasonable to consolidate them to one taktstation if they are complementary in their
technology so that many job pass either machine. Within the concept of the taktline finding,
different (mutual) distances of machines will be considered i.t.o. a superordinate key figure,
which combines the above mentioned proximities.
See Figure 3 for an illustration of the dependencies of all three objective criteria. Obviously,
the improvement of one objective generally implies the degradation of the other objective
criteria. For explaining the connections, the example given above may be regarded.
Number of
taktlines

Heterogeneity
of taktlines

+
-

-

Positive dependency
Negative dependency

Prolongation
of processes

Fig. 3 - Dependencies of objective dimensions

For the mathematical representation of finding taktlines, a clustering analysis is applied.
Clustering algorithms aim at finding homogeneous groups in large data sets given specific
comparative criteria (Guojun, 2007). The comparative criteria should characterize the set’s
items most meaningful for a problem at hand. In the context of production, clustering
algorithms have predominantly been applied for furnishing manufacturing cells (Murugan,
2011), e.g. for grouping technologies, which is related to the subject of finding taktlines for
job shop production to a certain degree. Yet here, the order of a job’s process steps
(technologies a job passes) is crucial. Therefore, the process sequences as such need to be
regarded as comparative criteria. The process sequences can be expressed as strings, i.e.
ordered sets of elements. Clustering of strings is also referred to as sequence clustering (Li,
2006) and will be considered in this research.
In the following, a proper (string) distance measure for finding taktlines is developed, which
takes into account the distance between items due to the process sequences’ order as well as
mutual distances between machines. A partitioning cluster algorithm is further developed to
iteratively obtain a global minimal distance regarding the taktline system. Results of the
proposed analysis will be displayed in section 4.
3. CLUSTER ANALYSIS
Cluster analysis is a meta-method for unsupervised classification of objects with regard to
certain characteristics (Jain, 1999). The objective of a cluster analysis is to allocate objects
into groups such that the objects within a group are similar to each other (homogeneous), and
dissimilar to each other (heterogeneous) between groups (Guojun, 2007).
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The core element of a cluster analysis is the definition of a distance (or similarity) measure for
comparison of the objects (section 3.1). Further steps comprise of designing the cluster
algorithm (section 3.2) and conducting the cluster validation (section 3.3). Refer to the next
section for the specific cluster algorithm proposed for the finding taktlines.
3.1 Distance Measure
The distance measure is essential for the representation of the problem (Jain 1999). As
described above, the process sequences can be represented as strings. Prior to discussion a
proper string distance measure, the requirements will be illustrated. The process sequences of
job 2 (DFGI) and 3 (ACDHI) for serve as an example. The distance between these two strings
(process sequences) is a function of the objective dimensions ‘taktline homogeneity’ and
‘prolongation’. The objective dimension of finding few taktlines is not considered within the
distance calculation, since it represents the overall aim and is accounted for in the general
problem statement.
In literature, numerous well-known string distant measure exist, e.g. the Hamming Distance
(Hamming, 1950), Levenshtein Distance (Levenshtein, 1966) or Longest Common
Subsequence (Hirschberg, 1977). Although a detailed description of these fundamentals
distance measures will not be conducted, it is stated that the Longest Common Subsequence
best matches the problem at hand, since the matching chacters do need to succeed each other
(Hirschberg, 1977). Regarding the process sequences of job 2 and 3, (A I) would be the
Longest Common Subsequence. The Longest Common Sequence does not, however, allow
for a mismatch of which is necessary for the realization of the concept of taktsubstations.
06 or the insertion of an idle character
Therefore, besides the ‘match’ of characters (cost ;
(at the cost ; ), the possibility of a ‘mismatch’ (of cost 12 6 is given, which renders a
taktsubstation in this context.
Let the cost for prolongation be ;
2 per idle takt and let the mutual distances for all
machine pairs be as displayed in Table 1.
Table 1 - Mutual Distances between Machines
M1

A

A

A

A

A

A

C

C

C

C

C

D

D

D

D

F

F

F

G

G

H

M2

C

D

F

G

H

I

D

F

G

H

I

F

G

H

I

G

H

I

H

I

I

D12

2

3

2

2

2

1

3

1

2

2

2

1

2

1

4

2

3

2

1

2

4

The minimum distance between the process sequences of job 2 and 3 is then obtained as
illustrated in Figure 4.

Job 2

D

Job 3

A

C

D

Distance

2

2

0

F

2

G

I

H

I

1

0

Sum: 7

Fig. 4 - Distance Calculation for Two Strings

The implementation of this distance measure was done by means of a Needleman-Wunsch
Algorithm, which is in turn based on Dynamic Programming (Sung 2010, Bergroth 2000).
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The Needleman-Wunsch Algorithm allows for mismatches during the calculations of the
optimal alignment and thus meets the requirements from above.
3.2 Cluster Algorithm
There are different approaches to grouping items to clusters. The most common
differentiation is by dividing cluster algorithms into partitioning vs. hierarchical methods
(Guojun, 2007). Hierarchical methods iteratively compose items to clusters (agglomerative
hierarchical clustering) or disassembly (divisive hierarchical clustering) larger sets of items
into clusters, by composing the currently most similar items or cluster together (or by
disassembling to most heterogeneous cluster for the divisive method, respectively) (Xu,
2005). Partitioning clustering algorithms, on the other hand, groups items into a predefined
number of clusters (Xu, 2005). During the course of the partitioning cluster algorithm, initial
cluster elements are chosen, whereas the remaining items are allocated to the nearest cluster.
A full permutation of the initial cluster elements ensure the finding of the optimal solution
(Xu, 2005).
The advantage of partitioning clustering algorithms lies in the optimality, which is reached
during the calculation. Hierarchical algorithms bear the risk of terminating in a local optimum
(Xu, 2005). In the context of the taktline finding, however, optimality is important for the
sake of efficiency and reproducibility of the solution if given slightly differing input data.
Hence, a partitioning cluster algorithm was implemented for the taktline finding. However,
for the estimation of the number of underlying cluster, a hierarchical clustering algorithm was
conducted prior to the partitioning clustering. Even though not optimal, the results of the
hierarchical clustering - usually presented in a so-called dendrogram - serve as a valid
indicator for the number and structure of underlying homogeneous groups in a data set.
3.3 Cluster Validation
A cluster analysis always renders a result, the logical interpretations of the outcome - or
rather, the verification of inherent clusters within the (input) objects needs to be considered
within the context of the analysis. There is no general approach to proof the existence of
clusters but it requires expertise (Jain, 1999). Nonetheless, the issue can usually be supported
by e.g. visual measures (Weinan, 2002). Whereas a visualization will be provided when
presenting the results, a theoretical discussion will be conducted in this section.
The existence of clusters within different jobs’ processing sequences are highly probable.
Although products in tool manufacturing are individual, some processing orders will be
similar for a great amount of products. For example, sawing - drilling - eroding is a typical
chain of processes conducted on a job at the beginning of the manufacturing, whereas
hardening or polishing are required towards the end. These ordered processing steps are based
on technological necessity and thus foster the presence of clusters within a set of processing
steps.
In the next section, the proposed cluster analysis will be conducted and evaluated in terms of
a proof of concept. Hereafter, a discussion and outlook to further research follows in the
conclusion.
4. RESULTS
For the illustration of results, real-world data from a tool manufacturer were applied. The
original data was codified for the sake of confidentiality. In total, 49 process sequences were
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considered for the cluster analysis, comprising of a total of 41 different machines. In Figure 5,
the process sequences are displayed in descending frequency.

Fig. 5 - Barplot of Process Sequences in Descending Order

For the realization of the cluster analysis proposed above, mutual distances between machines
need to be set in the context of taktsubstations. Further, the cost for prolongation (idle takts)
needs to be settled. For the proof of concept within this research, the mutual distances were
randomly set to other 2 or 4, whereas the cost for an idle takts was set to 3. By this choice, a
unambiguous preference towards either a taktsubstation or prolongation is rendered during the
calculation. Preparatory to the partitioning cluster algorithm, the distance matrix for all
process sequences was calculated by means of the Needleman-Wunsch Algorithm as
proposed in section 3.1. Afterward, for estimating the underlying number of cluster, a
hierarchical cluster algorithm was pursued, rendering a dendrogram (see Figure 6). To this
end, the open source software RStudio was applied (RStudio).

Fig. 6 - Dendrogram of Hierarchical Clustering of Process Sequences

-1419-

Symp-15: Quality and Process Management. Theory, Applications and Case Studies

The values on the vertical axis represent the distances; the horizontal axis on the other
represents the input data. The numbers (V1-V49) corresponds to the order of process
sequences in Figure 5. Depending on the sought number of taktlines the number of clusters
was chosen i.t.o. a ‘cut-off’ distance regarding the dendrogram. Two scenarios were
conducted during this research. In the first scenario, the cut-off distance was set to 9
(rendering ca. 7 clusters, see the red line); whereas in the second scenario, the cut-off distance
was set to 5.5 (rendering ca. 11 clusters, see the blue line). A continuous variation for a
‘number of taktlines’/’homogeneity of taktlines’ portfolio could generally be worked out for a
fully transparent solution space. This is, however, not part of this paper.
The partitioning cluster algorithm was implemented in C# (Visual Studio, 2015) and
conducted for the two scenarios drawn above. The target value of the algorithm was the sum
of squared distances over all clusters. For scenario one, seven clusters were obtained, with a
total sum of squares of 658 (average 94), whereas for the second scenario, eleven clusters
were obtained (371 sum of squares, 33.8 in average). Obviously, the heterogeneity within the
taktlines is larger for fewer lines.
In accordance with the preparatory hierarchical clustering, for the two scenarios, similarly
sized clusters were obtained. In order to gather the taktlines, a so-called traceback matrix was
generated during the Needleman-Wunsch Algorithm. The traceback matrix reflects the actual
best alignment, whereas the Needle-Wunsch algorithm - as Dynamic Programming in general
- solely renders the optimal target value (Chebil, 2015).
See Figure 7 for an exemplary building of a taktline based on the underlying cluster. In the
example displayed, two of the five process sequences bear idle takts, whereas two of the nine
taktstations comprise of taktsubstations.
Process Sequence 19

I1

Z1

Process Sequence 35

I1

L2

Process Sequence 40

I1

L2

Process Sequence 42

I1

Z1

Process Sequence 45

I1

Z1

Resulting Taktline

I1

Z1
L2

C2

O1

E2

T1

F2

G2

A2

O1

E2

T1

F2

G2

A2

C2

O1

E2

T1

F2

G2

A2

C2

O1

E2

T1

G2

A2

C2

O1

X1

T1

F2

G2

A2

C2

O1

T1

F2

G2

A2

E2
X1

Fig. 7 - A Cluster's String Alignment for Generating a Taktlines

This alignment was executed for all clusters within the scenarios. See Table 2 and Table 3 for
the overall results, summed up per scenario with regard to the objective dimensions.
Table 2 - Cluster Results for Scenario 1
Scenario 1
Taktline 1
Taktline 2
Taktline 3
Taktline 4
Taktline 5
Taktline 6
Taktline 7
Average
(taktline)

Length
(number of
taktstations)
8
6
8
9
11
9
10
8.7

9
28
1
5
1
3
2

Average
taktsubstations (per
taktstation)
2
5.6
1
1.2
1
1.3
1.1

Average idle takts (per
taktstation/process
sequence)
0.21
0.5
0
0.04
0
0.074
0.2

Sum of
squared
distances
90
451
0
15
0
53
49

7

1.88

0.15

94

Including process
sequences
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Table 3 - Cluster Results for Scenario 2
Scenario 1
Taktline 1
Taktline 2
Taktline 3
Taktline 4
Taktline 5
Taktline 6
Taktline 7
Taktline 8
Taktline 9
Taktline 10
Taktline 11
Average
(taktline)

Length
(number of
taktstations
8
5
8
9
5
8
5
11
9
8
6
7.45

8
24
1
5
1
2
3
1
2
1
1

Average
taktsubstations (per
taktstation)
1.75
4.6
1
1.22
1
1.125
2
1
1.11
1
1

Average idle takts
(per taktstation/
process sequence)
0.188
0.48
0
0.044
0
0.06
0.067
0
0
0
0

Sum of
squared
distances
54
249
0
15
0
9
40
0
4
0
0

4.45

1.53

0.076

33.7

Including process
sequences

As was assumed in section 3, the objective dimensions contradict each other. Thus, a smaller
number of taktlines renders (in average) more heterogeneous taktlines, more idle takts and
larger number of taktsubstations. Nevertheless, the general approach seems appropriate for
finding a set of taktlines. The distance measure is adaptive and fulfills the requirements
regarding idle takts and taktsubstations. The partitioning cluster algorithm renders different,
but comparable results regarding the clusters’ content as such, when varying numbers of
clusters are induced.
5. CONCLUSION
In this paper, a clustering algorithm for finding taktlines in the context of synchronized job
shop production was proposed. To this end, a string distance measure was presented
embedded in a partitioning clustering algorithm. On the basis of real-world data, the proof of
concept was conducted. The assumption and outline seem reasonable on the basis of obtained
results.
As a drawback, the number of obtained taktlines (or the homogeneity of taktlines,
respectively) was not yet satisfying, given a rather limited number of (input) process
sequences. Future research thus needs to address the possibility of logistic operations within
the concept of the taktline finding. That is, taktlines do not necessarily have to represent
whole process sequences but can be frequently reoccurring chunks of process sequences. By
these means, fewer and more homogeneous taktlines could possibly be found.
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AN ANALYSIS OF QUALITY CONTROL GAME BETWEEN ONLINE
SHOPPING PLATFORMS AND SELLERS UNDER COMPLETE
INFORMATION
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ABSTRACT
From the perspective of online shopping platform’s quality control and informed by the game
theory, this paper attempts to build a static model of the game of complete information
between the online shopping platforms and sellers in China, aiming to improve the level of
product quality in the online shopping market. Through anatomizing the game model, it
purports to reveal the internal operation mechanism of the quality supervision game between
the online shopping platforms and sellers.
Keywords: online shopping platform, seller, control, game theory, Nash equilibrium.
INTRODUCTION
According to the monitoring data of China E-Commerce Research Centre (www.100EC.cn),
complaints about e-commerce retailers in 2016 accounted for 64.20% of all e-commerce
complaints, of which online shopping accounted for 52.54%, representing the highest
proportion. In the face of the frequent phenomena of problems with the quality of the products
traded via online shopping, how to implement effective quality control has become the most
urgent issue for both consumers and the government. Due to lack of effective control, many
unscrupulous e-businesses have not been punished for their malpractices, resulting in the odd
phenomenon of “bad money drives out good money,” which actually has got increasingly
grave in recent years, and consequently fake and shoddy goods run wide in the online
shopping market.
The main reason why online shopping product quality control problems have not been
effectively solved lies in which online shopping exists the separation characteristics among
the information, in-kind, goods, selling sites and other subjects, and such separations between
these entities have led to serious information asymmetry in regard to online quality control,
which has exasperated the difficulty of implementing quality control over them (Li, Wen and
Shi, 2015).
Online shopping platforms, as the third-party for providing online transactions, have their
responsibility and obligation in their supervision. This is not only the requirement by their
business model and the relevant policies, laws, and regulations, but also the inevitable choice
when the current social credit system in China is still inadequate (Li, Sun and Wen, 2013). By
applying the theory of game, this paper aims to analyse the online shopping product quality
control that China may set up, which comprises two levels of the online shopping platforms
and sellers. This effort may be conducive to clarifying the internal operation mechanism for
China’s online shopping product quality control in order to improve the effectiveness of its
online shopping product quality control.
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RESULTS AND CONCLUSIONS
This paper builds the payment matrix of mixed strategy game model between the online
shopping platforms and sellers as follows (see Table 1). And from the above payment matrix,
we know that the expected profits of both the online shopping platforms and sellers are πp, πs,
then we can get the value of α*, β*.
Table 1 - Payment matrix of mixed strategy game between the online shopping platforms and sellers
Online shopping platforms
Seller

Control

No Control

α

1 −α

Integrity

β

Ps 1 − C s ， P p 1 − C p

Ps 1 − C s ， P p 2

No Integrity

1−β

Ps 2 − Ls − Fs − C s ， P p 1 − C p + Fs

Ps 2 − Ls ， − L p − F p

π p = αβ( P p 1 − C p ) + α( 1 − β )( P p 1 − C p + Fs ) + β( 1 − α )P p 2
+ ( 1 − α )( 1 − β )( −L p − F p )

( 1)

π s = αβ( Ps 1 − C s ) + α( 1 − β )( Ps 2 − Ls − Fs − C s )

α∗ =

+ β( 1 − α )( Ps 1 − C s ) + ( 1 − α )( 1 − β )( Ps 2 − Ls )

( 2)

C s + P p 2 - P p 1 − Ls
C s + Fs

(3)

β∗ =

P p 1 + Fs + F p + L p − C s
P p 2 + Fs + F p + L p

In summary, we can get the positive and the negative relationship between α ∗ (the
probability of the online shopping platforms controlling the sellers), β ∗ (the probability of the
sellers choose integrity management) and other variables, shown below in Table 2. This study
purports to reveal the internal operation mechanism of the quality supervision game between
the online shopping platforms and sellers.
Table 2 - Positive and negative relationships between parameter variables
The main variable

Positive

Negative

α*
β*

Pp1; Fp ; Lp ; Fs

C p ; Pp 2

Ps2 ; Fs

Ps1; C s; Fs; Ls
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ABSTRACT
The focus of this research is to determine a mathematical model for the bond strength of a
discretely deposited nano-crystalline (DCD) hydroxyapatite (HAp) coating onto a dual acidetched titanium dental implant. The research will focus on calculating the potential energy
surface for the reaction of formation of a HAp coating to determine an activation energy for
the reaction. This will give us the surface energy of the bonding of the HAp coating with
titanium, or the bond strength of the coating.
Keywords: hydroxyapatite coating, bond strength, MD simulation.
INTRODUCTION
In previous studies it has been discovered that adding a new nano-scale HAp complexity to an
already rough micro-topographical surface of a tooth implant (Figure 1) will result in a
grafting response of the tooth on to the medical implant [e.g. [1], [2]). This will allow a faster
recovery time for the patient and higher degree of reliability and stability of the implant for as
long as it remains in the tooth. Since HAp can be crystalgraphically similar to bone mineral,
and since the substance is bioactive and osteoconductive, when a discrete nano-scale layer of
HAp is introduced to the micro-topography of the titanium implant, the increase in surface
area and biocompatibility results in more space for upregulation of platelet activation and an
increase in fibrin retention around the implant.

Fig. 1 - Chemical compatibility of implant (by Nejad, M. Kyle, S. 2017)

A biological matrix for osteogenic cell migration to the implant surface will be formed in
response to this new increase in surface area and biological similarities of HAp nano-crystals
[e.g. [3], [4]] (Figure 2).
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Fig. 2 - Suface topology (by Gittens, R. Olivares-Navarrete, R. et al. 2014)

In our Molecular Dynamic [e.g. [5]] simulations we will take into account both, crystallinity
and nano-scale of the Hap coating (Figure 3).

Fig. 3 - Current Bio-Active Coating (after Greeves, N. 2008)

There is a myriad of other advantages of an HAp DCD treated medical implant for bone
healing, but perhaps understanding the substance HAp at its most fundamental physical and
chemical conditions and calculating its strength will shed some light on further improvement
of its applications and behavior in non-ideal environments.
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SURFACE CHANGES (SCANNING ELECTRON MICROSCOPE)
INDUCED BY ARTIFICIAL SALIVA IN TITANIUM-MOLYBDENUM
ORTHODONTIC LOOPS
Saul Castro(*), Maria Ponces, J.C. Reis Campos, Jorge Lopes, Maria Pollmann
Faculty of Dental Medicine, University of Porto, Porto, Portugal
(*)
Email: scastro@fmd.up.pt

ABSTRACT
This work, intended to assess the effect of saliva pH (4 and 6,75) at different times (3 and 5
months) using a descriptive analysis of the microtopography (scanning electron microscope,
(SEM)) of a commercial titanium-molybdenum alloy (TMA, Ormco Corp, Glendora, Calif)
with a 0,017” x 0,025” section. SEM analysis was carried out at Materials Centre of the
University of Porto (CEMUP) and micrographs with x2000 and x5000 magnification were
obtained using a JEOL JSM 6301F high resolution.
Keywords: orthodontics, corrosion, saliva, TMA.
INTRODUCTION
Orthodontic wires are shaped into various configurations to apply forces to teeth. Various
types of orthodontic wires are used based on their properties (Maijer, 1986). The evolution,
process, through laboratory and clinical research, has been conducted to promote suitable
material properties against factors that daily decrease the survival rate, but the perfect material
has not yet been achieved (Souza, 2008). The composition of saliva and its properties can be
affected by many variables such as physiological nutritional factors, diet and salivary flow.
The oral cavity with changes and individualities of pH, can help trigger undesirable reactions
produced by the response of this environment, such as the acceleration of corrosion
process.(Kao, 2010). In order to withstand corrosion, beta-titanium alloys depend on the
formation of a passive film at its surface. Nevertheless even with this protective layer, some
ions can still be released. The acidic conditions of the oral environment can contribute to this
process (Kuhta, 2009).
In this work, we intended to assess the effect of saliva pH (4 and 6,75) at diferent times (3 and
5 months) using a descriptive analysis of the microtopography of a commercial titaniummolybdenum alloy (TMA, Ormco Corp, Glendora, Calif) with a 0,017” x 0,025” section.
SEM analysis was carried out at Materials Centre of the University of Porto and micrographs
with x2000 and x5000 magnification were obtained using a JEOL JSM 6301F high resolution.
RESULTS AND CONCLUSIONS
The x2000 and x5000 magnification selection is in accordance with Juvvadi et al. for the
observation of orthodontic wires by SEM (Juvvadi, 2010). Comparing images for each
magnification it is possible to see that the wire surfaces before immersion in saliva (Figures 1
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and 2) show the highest irregularities one presenting higher irregularities. Regarding the
immersion time, differences between samples after the period of 3 or 5 months are not clearly
seen.

Fig. 1 - SEM (x2000) before immersion in saliva

Fig. 2 - SEM (x5000) before immersion in saliva

Fig. 3 - SEM (x2000) after immersion in saliva at
pH 4 for 3 (a) and 5 (b) months

Fig. 4 - SEM (x5000) after immersion in saliva at pH
4 for 3 (a) and (b) months

Fig. 5 - SEM (x2000) after immersion in saliva pH
6,75 for 3 (a) and 5 (b) months

Fig. 6 - SEM (x5000) after immersion at. pH at at
pH 6,75 for 3 (a) and (b) months

Regarding the immersion for the different pHs (4 and 6,75), the signs of irregularity are more
evident in saliva with pH 6.75. In the magnification x5000 this finding is more noticeable.
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ABSTRACT
This paper compares the flexural strength of resins used as denture base with a three-point
bending flexural test. Three different formulations of denture base materials were analysed:
heat-curing resin in total volume (Ivoclar Probase Hot™), self-curing and thermoformable
resin compound (Ivoclar Probase Cold™ and Good Fit™) and thermoformable resin in total
volume (Good Fit™). The result of these mechanical tests showed that the thermoformable
resin has similar or even higher resistance to fracture compared to the heat-curing resin.
Keywords: denture, resin, thermoformable, flexural.

INTRODUCTION
Polymethylmethacrylate (PMMA) is currently the most widely used material of denture base,
whether are they removable or fixed. The easy handling, precise adjustment, low cost, oral
cavity stability and superior aesthetics contribute to the selection of this material (Jaikumar,
2015). Despite these excellent qualities, its mechanical properties still fall short regarding the
flexural strength (Ali, 2008). Denture base fracture occurs mainly during oral function due to
the fatigue of the acrylic resin, which often leads to a midline fracture (Gurbuz, 2010).
The main objective of this study was to analyse the mechanical properties of the
thermoformable resin in order to compare them with the conventional resins.
A total of 30 samples divided in three groups were manufactured according to the specified
ISO 1567 dimensions, 65mm, 10mm and 3mm in length, width and height, respectively. The
samples were submersed in distilled water at 37ºC for 72h. The three-point bending flexural
test was performed on a universal test machine. The support span used was 45mm,
displacement rate was 5mm/min and load cell was set at 500kgf.
The flexural strength, in MPa, was calculated using the formula S = 3FL/2BD2
(F = maximum load, L = span distance, B = width, D = height)
One-way ANOVA was used to determine statistical differences among the three groups.
RESULTS AND CONCLUSIONS
The results from the three-point bending test regarding the flexural strength are shown in
Table 1.
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Table 1 - Flexural strength (in MPa)

Mean ± Std. Deviation

Group 1

Group 2

Group 3

112,41
99,78
107,67
104,08
104,53
93,17
97,29
108,38
78,12
108,80
101,42 ± 9,54

86,80
109,64
58,79
112,07
140,88
96,14
81,68
90,41
92,74
92,09
96,12 ± 20,47

74,63
104,38
103,13
113,59
100,70
92,09
94,73
113,45
144,28
127,30
106,83 ± 18,36

The mean value and standard deviation of the flexural strength are presented in Figure1.
150
100
50
0
Group 1

Group 2

Group 3

Fig. 1 - Average value of flexural strength (in MPa)

One-Way ANOVA showed there were no significant statistical differences (p > 0,05).
This study shows that the thermoformable resin may have slight higher flexural strength
comparatively to the conventional heat-curing resin. Further studies and clinical applicability
are required to confirm this denture base resin as a viable and possible superior option.
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ABSTRACT
This research aimed to identify the maxillary and mandibular superimposition methods used
by orthodontists in the evaluation of orthodontic treatment results, as well as to understand if
there was a differentiated choice for cases with and without growth. The analytical study
performed allowed to identify that the maxillary linear superimposition in the palatal plane, in
anterior nasal spine, was the most frequently used. Regarding the mandible, the mandibular
plane at the menton point superimposition was the most frequently used. No statistically
significant differences were found for both selected methods in cases with and without
growth.
Keywords: cephalometric superimposition, evidence-based, cephalometry, statistics as topic,
evaluation studies as topic
INTRODUCTION
Lateral cephalometric superimpositions are the most reliable method to evaluate the results of
orthodontic treatment (Duterloo, 2011). Generally, three different types of superimpositions
are incorporated: the cranial base, the maxillary and the mandibular. The maxillary and
mandibular superimpositions allow the understanding of dentoalveolar changes related, in
most cases, to the established orthodontic therapy (Jacobsen, 1995; Muller, 1983).
In growing patients, only structural superimpositions are considered valid, representing
Björk's (Bjork, 1983) mandibular and Doppel's (Doppel, 1994) maxillary superimpositions,
the gold standard. In adults, other procedures, such as linear ones, are accepted as equally
valid (Duterloo, 2011).
The sample included 76 Case Reports from the American Journal of Orthodontics and
Dentofacial Orthopedics, published in 2012 and 2013. All data was collected by a single
observer and descriptive data analysis was performed using the IBM® SPSS® Statistics
program, version 24. In the analytical study of the relationship between the two qualitative
variables, the Chi-square independence test was used. Significant statistical evidence was
found for values of probability less than 0.05.
RESULTS AND CONCLUSIONS
The 76 clinical articles were analysed, 71 (93.4%) of them presented 2D lateral cephalometric
superimpositions and 5 (6.6%) did not. In the 71 mentioned publications, only 46 (64.8%) and
45 (63.4%) manuscripts had attached maxillary and mandibular superimpositions,
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respectively. In 20 (43.5%) of the articles with maxillary superimpositions, the method used is
unknown. Considering the anatomical structures drawn and the superimposed areas, it was
considered that only in 1 manuscript (2.2%) could the Doppel´s structural technique be
selected. In 8 (42.1%) of the 19 clinical cases where the Doppel´s maxillary superimposition
could not have constituted the option, there was growth. In the remaining 56.5% (n = 26),
linear maxillary superimposition methods were the most frequent (65.4%). All linear
superimpositions (n = 17) were performed in the palatal plane, making a total of 76.5% (n =
13) and 23.5% (n = 4) in adults and children, respectively. No element of the sample was
found in which the Doppel´s structural method had been applied. The Björk´s maxillary
superimposition was performed in only one case (3.8%). Of the linear ones, the most
prevalent was the one that used the anterior nasal spine (Ans) as registration point (76.5%). It
was found that there was no statistically significant association (χ2= 8.576, gl = 9, p = 0.477)
between growth and the preferred maxillary superimposition method. Regarding mandibular
superimpositions, in 20 (44.4%) of the articles the method used was unknown. Taking into
account the anatomical structures drawn and superimposed, it was considered that only in 3
manuscripts (6.7%) could the Björk´s mandibular structural method has been selected. In 6
(35.3%) of the 17 clinical cases where Björk's mandibular superimposition could not have
been the option, there was growth. In the remaining 25, 55.6% (n = 25), mandibular linear
superimposition methods were the most frequent (64%). Björk's mandibular superimposition
was performed in only one case (4%). Of the linear (n = 16), the most prevalent was achieved
in the mandibular plane at the menton point (62.5%), making a total of 70% (n = 7) and 30%
(n = 3) in adults and children, respectively. There was no statistically significant association
(χ2=7.918, gl=11, p=0.721) between growth and the preferred mandibular superimposition
method, so the two conditions may not be related.
The maxillary linear superimposition in the palatal plane, in Ans, was the most frequently
used. Regarding mandible, the mandibular plane at the menton point superimposition was the
most frequently used. No statistically significant differences were found for both selected
method in cases with and without growth.
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ABSTRACT
A clinical case of an healthy fetus ultrasound study, focused on the facial features is presented
suggesting a possible protocol for an early diagnose of facial variations with potential
functional repercussions. The application of this type of protocol in the prenatal routine
screening can turn possible a more objective growth evaluation of facial structures and,
consequently, the detection of alterations on their development.
Keywords: orofacial anomalies, prenatal ultrasonography, prenatal diagnosis, dentistry.

INTRODUCTION
Ultrasound study of fetal face has become important to the prenatal routine screening
(Goldstein I, 2010), especially in high-risk pregnancies (Pretorius DH, 1995), since its
characterization can serve as a diagnostic tool when a disproportionate growth of fetal facial
structures is detected (Rotten and Levaillant, 2004). In these kind of cases can be suspicious
the presence of several chromosomal anomalies or even associated syndromes with abnormal
facial development (Jones KL, 1997; Merz E, 1997). Therefore, a relevant number of
ultrasound studies on facial parameters have proposed different nomograms which pretend to
contribute for confirming facial dysmorphism (Goldstein I 1999; Chitty LS, 1993; Gull I,
2005).
The detection of fetal facial anomalies by prenatal ultrasound, either isolated or associated
with polymalformative states of longer survival, can allow the planning of specific perinatal
and postnatal measures by a multidisciplinary team, including the dentist, improving the
resolution and the management of the potential physical disabilities present (Rotten and
Levaillant, 2004). The purpose of this study is precisely to alert for ultrasound definition of a
more detailed and objective fetal facial study in order to identify facial dysmorphism with an
ultrasound clinical example of a healthy fetus.
For this study was considering a clinical case of a healthy fetus, from a single spontaneous
pregnancy of a 41-year-old Caucasian woman that was referred to an institutional center
specialized in prenatal diagnosis for routine prenatal screening.
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RESULTS AND CONCLUSIONS
In this case the first-trimester screening detected a low risk for trisomy 21. Ultrasound
revealed no anomalies or growth restrictions. The chorionic villi biopsy showed a normal
karyotype (46, XX). In the second trimester ultrasound, at 20 weeks of gestation, a more
detailed study of the fetal face was performed after informed consent. That study comprised
an evaluation of the facial profile and the measurement of the maxilla, mandible, nasal bone,
and philtrum in the midsagittal plane. The facial study detected a normal anatomy, with no
subjective anomalies on the shape or size of the facial structures.
The inclusion of this protocol in routine ultrasound screening may allow a better knowledge
of growth pattern of the orofacial structures mentioned and, therefore, detecting possible
orofacial anomalies when development alterations are identified.
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ABSTRACT
This study evaluated the color stability of a bis-acryl composite resin (specimens - disks)
submitted to different surface treatments and diverse time immersion in coloring beverages.
To obtain the coordinates L*a*b*, the disks were measured in a spectrophotometer before
immersion (T0), after 7 (T1) and 20 days (T2). The color differences (∆Eab) obtained for all
the experimental groups were analyzed with the ANOVA, and multiple comparisons were
performed by the Tukey HSD test (α=0.05). Regardless the bis-acryl composite resin surface
treatment, the excessive administration of coffee always promotes the resin pigmentation.
Keywords: provisional prostheses, bis-acryl composite resin, color, colorants.
INTRODUCTION
Recently, the bis-acryl composite resin has been used to make provisional restorations, since
it presents a lower contraction of polymerization and reduced exotherm when compared with
acrylic resins (Givens et al., 2008). In addition, bis-acryl resins are easy to handle, have a
polishing facility, and can be used for short and long periods (Rutkunas et al., 2010).
However, the probability of staining during clinical use is a major clinical problem, since it
even led to a frequent provisional prostheses replacement (Bayindir et al., 2012). This feature
may be associated to different factors, such as coloring agents, intrinsic characteristics of the
material and polishing capability (Rutkunas and Sabaliauskas, 2009).
Thirty bis-acryl composite resin discs (12mm diameter and 3mm thickness) (Color A2,
Protemp 4®, 3M Espe, USA) were performed and divided into three groups. Ten disks (G1)
were cleaned with gauze soaked in alcohol, according to the manufacturer's instructions; ten
disks (G2) were cleaned the same way, and after, they were finished with abrasive disks
(Praxis®, TDV Dental, Brazil); and to the other remaining disks (G3) was given the same
finishing G2 protocol, followed by rubberized spiral disk (Soflex®, 3M ESPE, USA) and
diamond paste (Diamond AC I and II, FGM®, Brazil). Five disks of each group were
immersed in coffee-based solutions (Nescafé®, Nestlé Brazil, Brazil) and cola-based soft
drink (Coca-Cola®, Coca-Cola Company, USA) for 7 and 20 days. The color of the disks was
measured by a spectrophotometer (Minolta CM 3600A, Konica Minolta®, Japan) before
immersion (T0), and after 7 (T1) and 20 days (T2). For the measurement, the excluded
component (SCE) and the illuminant D65 were considered. The color differences (∆Eab) were
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calculated by CIELab System, comparing the L*a*b* coordinates of the experimental groups
with the standard color reference of the bis-acryl resin employed. Statistical analysis was
made by one and two-way ANOVA, and multiple comparisons were performed by the Tukey
HSD test (α=0.05).
RESULTS AND CONCLUSIONS
The L*a*b* coordinates of the experimental groups are shown in Table 1. Table 2 shows the
mean of the color differences (∆Eab) for the coloring beverages employed in this study.
The largest color differences were found when disks were immersed in coffee for 20 days
(P˂0,001). The Tukey HSD test showed that the behavior of the three groups immersed in
coffee for 20 days (T2) was similar (α=0.05). When the disks were immersed in cola-based
soft drink, the color differences found (between 1.65 and 3.06∆Eab) did not showed
significant differences between groups (P=0.010) or immersion times (P=0.026).
Table 1 - Mean of the measurements for the bis-acryl resin disks (G1, G2 and G3)
for the two colorants (coffee and cola), in the different time condition (T0, T1 and T2).

T0
T1
T3
T0
T1
T2

Groups
Coffee
Mean
Mean
Mean
Cola
Mean
Mean
Mean

L*
71.03
67.42
62.69
L*
70.50
70.38
70.46

G1
a*
-4.61
-4.50
-2.21
a*
-4.50
-4.69
-4.82

b*
8.33
21.33
27.52
b*
7.96
8.74
9.28

L*
71.90
69.12
63.96
L*
71.67
71.79
71.90

G2
a*
-4.31
-4.44
-1.91
a*
-4.30
-4.45
-4.65

b*
8.33
17.06
24.97
b*
8.21
9.12
9.41

L*
71.90
69.04
63.79
L*
71.35
71.34
71.32

G3
a*
-4.51
4.29
-1.89
a*
-4.67
-4.69
-4.76

b*
8.46
18.64
26.53
b*
8.06
8.17
8.50

Table 2 - Mean of color differences (∆Eab) obtained for the different surface treatments and immersion time.
Colorants
Coffee

Cola

Time
T0
T1
T2
T0
T1
T2

G1 - ∆Eab
2.04
15.28
22.92
2.02
2.72
3.06

G2 - ∆Eab
1.85
10.73
20.14
1.74
2.45
2.71

G3 - ∆Eab
2.13
12.27
21.63
2.13
1.65
1.96

This study shows that the excessive coffee exposure may stain provisional prostheses made of
bis-acryl composite resins, regardless of the surface treatment used.
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ABSTRACT
In this paper, an interactive application tool has been developed for creating 3D models of
dental implants and other body structures from 2D medical imaging data. 3D models are
generated by using reverse engineering algorithm and planar contour method by SolidWorks
developed in Visual Basic Language. The research includes transferring Computed
Tomography (CT) and Magnetic Resonance Imaging (MRI) images into digital matrixes,
entering digital matrixes into SolidWorks environment, building feature library for 3D
reconstruction, creating medical rapid prototyping models, and performing biomedical rapid
design and manufacturing. 3D reconstruction models is created by edge configuration,
generation and triangulated cube configuration generation in capturing section contour points
from medical image per slice, creating B-spline curve with the control points in each layer,
producing solid model construction in planar contours method. Medical rapid prototyping
models are performed in SolidWorks, including three views or any combination of views, for
biomedical rapid designing and manufacturing according to the biomedical needs. Layered
manufacturing techniques are used for producing parts of arbitrary complexity. The results of
this paper are to develop image processing 3D visualization in SolidWorks Application
Programming Interface (API) using Visual Basic Language. The system performance is tested
using truth CT and or MRI data, and 3D physical models dental for MRP are created directly
from SolidWorks. The results reveal that the accuracy of 3D reconstruction is acceptable.
Keywords: rapid prototyping, free form surfaces, planar contours method.
INTRODUCTION
The three-dimensional (3D) reconstruction of human anatomical organs and structures from a
series of cross section image has been an intriguing problem in recent decades. New
challenges have been created in the field of image analysis and pattern recognition by the
introduction of modern image data collection techniques such as Computed Tomography
(CT) and Magnetic Resonance Imaging (MRI). With the development of advanced biomedical techniques, 3D geometric representations of human anatomical organs rather than the
two-dimensional (2D) photographic images using CT or MRI are frequently required. These
3D geometric models, either simulation generated by computer or 3D Rapid Prototyping
(RP), can be used for diagnosis of physical disorders, visualization of anatomical organs for
surgical planning, and the implantation of human organs and other structures. RP is the
process of converting a 3D Computer Aided Design (CAD) file into a 3D physical model
“rapidly”. Medical Rapid Prototyping (MRP) is the production of the medical models using
rapid prototyping methods [1-3].
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RESULTS AND CONCLUSIONS
Although non invasive modalities, such as CT, Micro-CT, MRI and Optical Microscopy can
be used to produce accurate 3D tissue descriptions, voxel-based anatomical imaging
representation cannot be effectively used in many biomechanical engineering studies.
Effective methods for the conversion of CT data into CAD solid models still need to be
developed. We have evaluated process path for generating a CAD model from Reverse
engineering interface approach.
The reverse engineering interface approach uses a 3D voxel model as the starting point
created from the region grow process (Figure. 1). The 3D voxel model is converted to point
cloud data form and are loaded into the reverse engineering software. The points are then used
to create triangular facets to form a surface model. The faceted model is further refined and
enhanced to reduce file sizes and unwanted features. The freeform surfaces of NURBS
patches are used to fit upon the outer shape of the model.

MRI images

3D Region growing

2D segmentation

Surface Processing and
refinement to reduce final CAD
model surface

Triangulated
model

Fitting of a NURBS patch to the
surface

IGES
Format

Reverse Engineering
interface

Point Data

CAD
model

Fig. 1 - Process definition to arrive at a CAD model from CT/MRI data

The results of this paper are the first step towards 3D reconstruction from original CT scan
data. The manufacturing of Medical Rapid Prototyping will serve as the initial clinical study.
The true advantages of 3D reconstruction in SolidWorks have yet to be determined through
long-term study and clinic application. It is my opinion that 3D reconstruction in SolidWorks
can provide STL format data for Medical Rapid Prototyping manufacturing to help plan
implant surgeries because SolidWorks can export STL files for direct reading by Rapid
Prototyping machine.
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ABSTRACT
The aim of this research was to help in the identification of individuals for medico-legal
purposes by introducing an identification method in a dental prosthesis. For this purpose this
research compares two different systems: a T microchip transponder and a QR code. The QR
code was printed in three different materials: paper, aluminium-titanium and chrome-cobalt
plaques. All of the materials were analysed respecting the possible location, the response to
the action of temperature and the efficiency of the reading method. The tests performed
allowed to identify differences between methods. The chrome-cobalt plaque was the one that
presented better mechanical properties when subjected to the action of temperature.
Keywords: biomechanics, human identification, forensic dentistry, dental prosthesis,
removable prosthodontics
INTRODUCTION
According to the American Board of Forensic Odontology, most of forensic identifications
are based in the combination of missing teeth, presence of dental cavity’s, restored or
unrestored teeth and prosthetic devices [1] The number of combinations that are possible to
exist in the human dentition can give rise to trillions of possibilities, making dental patterns an
important tool in human identification [2].
In fully edentulous patients, dental features are unavailable, the loss of all tooth promote bone
reabsorption and identification become difficult or even impossible [1]. As so, dental
prosthesis may become an important element for forensic identification.
Denture labeling is not a new concept in forensic odontology and it has been promoted for
many years [3]. The purpose is to add identification of edentulous patients, e.g., in cases of
elderly that suffer memory loss. Over the years various methods of denture marking have
been reported in the literature [3]. These methods can vary from surface marking to inclusion
methods using metal or non-metal materials, chips, among others.
The aim of this research was to help in the identification of individuals for medico-legal
purposes by introducing an identification method in a dental prosthesis.
MATERIALS AND METHOD
Two different identification methods were selected for the purpose of this research: a QR
code and a T-microchip transponder (commonly used in veterinary control). The technique
for application of these methods in a dental prosthesis (complete denture) is described in the
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following paragraphs:
1. Generation of a QR code using a freely available website http://www.qr-codegenerator.com/ with the information previously selected (e.g. person’s name, age,
telephone, address, and dental office information)
2. Impression of the QR code in plaques made of different materials (paper, aluminiumtitanium and cobalt-chrome). A 1cm2 dimension was selected.
3. Inclusion of the selected method in the lingual surface of the denture acrylic base (channel
of 12mm width * 3mm depth for the T-microchip transponder (Figure1); cavity of 10mm
width * 1mm depth for QR codes plaques) with acrylic resin (Unifast Trad; GC Corp,
Tokyo, Japan) (Figure 2).

Fig. 1 - Channel for the T-microchip transponder

Fig. 2 - Cavity QR codes plaques

4. Finishing and polishing of the denture lingual surface to complete the procedure.
5. Reading procedure for the selected method:
a. QR code: installation of the smartphone application (QR reader for iPhone), and
place it near the removable denture to make the reading (Figure 3).
b. T-microchip transponder: turn the read/write reader on, and place it near the
removable denture, and verify data transmission between the tag and read/write
reader.

Fig. 3 - QR reader for iPhone

-1442-

Proceedings IRF2018: 6th International Conference Integrity-Reliability-Failure

6. Application of high temperatures on the complete denture to simulate a catastrophic /
forensic situation: (Heating was performed in a furnace (EDG, S1⁄4o Carlos, SP, Brazil) at
temperatures of 600°C, 1000°C and 1200ºC for 5 min.)
7. Removal of the dirt on the lingual surface of the denture base, with a polishing paste and a
rubber bur.
RESULTS
The results from the high temperatures tests are shown in Table 1. The Microchip transponder
burned at 600ºC, and for that reason it wasn´t tested in higher temperatures. This destruction
was restricted to the glass part, but it was proved that that part contained the readable chip.
The QR code in paper and the one in aluminium and titanium were also damaged and
unreadable at 600ºC and, as so, were not tested at high temperatures.
The QR code plaque in cobalt-chrome was still readable at 1000º C. At 1200ºC the plaque
was damaged and unreadable.
Table 1 - High Temperatures results
Materials

600ºC

1000ºC

1200ºC

-

-

-

-

Changeless

Color change

Morphological and Color
changes

Readable

Readable

Burned
QR code paper

Unreadable
Color change

QR code Al-Ti

Qr code Co-Cr

Unreadable

Changeless
Microchip T

-

Unreadable

Unreadable
-

CONCLUSION
Marking of dental prostheses has become increasingly important in forensic investigations,
not only to identify an unknown denture holder in cases of amnesia, memory loss or
psychiatric cases, e.g., but also in cases of fire victims, explosions, earthquakes, plane crashes
or even war.
Our results indicate that Cr-Co QR Code, placed in the removable denture will provide a
source of forensic evidence after exposure to temperatures of up to 1000°C, indicating that
these materials can be used as means of comparison in human identification even for high
temperature fire victims.
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In this situation it is important that the method used is simple and quick. Reading a QR code
with a common smartphone allows the identification of the user of the dental prosthesis in a
simple and fast way.
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